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1 
Abstract 
To enhance the economy and performance of traditional precast concrete diaphragms a new 
unbonded chord system is developed.  The system is examined through a series of large scale 
experimental tests of diaphragm joints subjected to in-plane tension/compression and flexure.  
The results are compared with each other and are used to validate a design approach for use of 
the unbonded system.  Details on practical connection assemblies, construction methods, and a 
sample design approach are provided.  The research results indicate that unbonded post-
tensioned strand reinforcement is an acceptable alternative to the pretopped welded diaphragm 
chord connection for precast concrete floor diaphragms.  Nonlinear analytical models were 
developed and found to provide a conservative prediction of the tension and flexure response of 
the joint.  The experimental results indicate that the amount of deformation of a post-tensioned 
diaphragm is kept to a minimum when the demand moment is below the decompression moment 
of the diaphragm.  Furthermore, at this level the post-tensioned system is subject to less 
deformation and damage than the pretopped welded diaphragm chord connection.  There is 
considerable reserve capacity above the decompression moment; however deformations of the 
diaphragm become large as the ultimate capacity of the post-tensioned system is approached.  A 
proposed design procedure is developed to ensure that the diaphragm will remain elastic and the 
diaphragm joints will remain in compression during the design level earthquake.  Proposed 
construction details and recommended practices are developed to show the feasibility of 
constructing a post-tensioned diaphragm system for precast concrete floor diaphragms. 
2 
1.  Background 
Precast concrete buildings are a popular form of construction in the United States and the world 
for commercial and residential facilities.  These systems utilize prefabricated concrete segments 
for construction of the building system.  The segments are made under plant-controlled 
conditions and shipped to the jobsite, where they are connected together with welded, bolted, or 
grouted connections.  Precast concrete buildings are popular because the time spent erecting a 
precast concrete building is typically less than that of a cast-in-place concrete building.  This is 
primarily attributed to the ability to form and produce the members  offsite at a precast concrete 
manufacturer facility..  At the manufacturer’s facility, the members are often produced indoors 
and with higher strength concrete than is typical for cast-in-place construction.  Because of the 
controlled conditions during manufacturing, tolerances for precast concrete are tighter than 
tolerances for cast-in-place concrete construction.  This is reflected in the concrete building code, 
which requires less concrete cover for precast concrete manufactured under plant control 
conditions than cast-in-place construction because of the “greater convenience of control for 
proportioning, placing, and curing inherent in precasting” (ACI 318-08). 
The floor diaphragm system is an important part of a precast concrete building.  The diaphragm 
system is composed of individual gravity load resisting flexural members.  The system serves 
two functions.  The diaphragm system “transfers lateral forces at each level to the lateral force 
resisting elements (walls, frames) and unites individual lateral force resisting elements into a 
single lateral force resisting system” (Cleland and Ghosh 2007). 
To unite the individual lateral force resisting elements into a single lateral force resisting system, 
chord reinforcement is provided at the ends of the diaphragm as shown in Figure 1-1.  There is 
an industry desire to improve upon the economy and performance of the current methods of 
3 
providing chord reinforcement.  The goal of this research is to investigate an alternative method 
of providing chord reinforcement in precast concrete diaphragms that has greater economy and 
improved performance than the current methods.   
 
Figure 1-1: Diaphragm components in a precast concrete building (Cleland and Ghosh 2007) 
This report is organized into the following sections.  This chapter provides background on the in 
plane forces which are generated during wind and seismic events.  A comparison of current 
industry methods of diaphragm reinforcement and the proposed unbonded post tensioned system 
is also presented.  Chapter 2 provides information on the design and setup of experimental 
program developed to test the performance of the proposed new method of chord reinforcement 
and compare to an existing method of chord reinforcement.  Chapter 3 presents the results of the 
first test of the experimental program. In this test, unbonded strand reinforcement stressed to 
50% ultimate capacity was used.  Chapter 4 presents the results of the second test of the 
experimental program.  In this test, a pretopped chord connector was used.  Chapter 5 presents 
the results of the third test of the experimental program. In this test, unbonded strand 
reinforcement stressed to 50% ultimate capacity was used.  Chapter 6 presents the results of the 
fourth test of the experimental program. In this test, unbonded strand reinforcement stressed to 
10% ultimate capacity was used.  Chapter 7 investigates and compares the results of the four 
tests that comprised the experimental testing program.  Chapter 8 discusses a finite element 
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analysis and classical methods that were used to predict the behavior of the experimental 
program.  Chapter 9 presents a suggested design procedure for the new method of chord 
reinforcement.  Conclusions of the research are presented in Chapter 10.   
1.1. System to Specimen Development 
It is current industry practice to analyze a floor diaphragm as a deep horizontal beam (PCI MNL 
120-04 2004).  The diaphragm shown in Figure 1-2 can be considered a simply supported beam, 
with the walls at the ends of the bay acting as the supports.  The applied lateral load introduces 
shear in the joints between members and tension or compression at the ends of the members.  
Shear between members is resisted by flange to flange connections, while flexure is resisted by 
chord reinforcement.   
 
Figure 1-2: Analogous beam design of a diaphragm (PCI MNL 120-04 2004) 
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The experimental program investigates the use of post-tensioning reinforcement for chord steel.  
The subassembly examined was developed based on the section of the diaphragm indicated in 
Figure 1-2.  The area of focus is at the center of the bay where moment is maximum, placing the 
largest demand on the chord reinforcement.  Shear at the location is negligible.  A three 
dimensional rendering of a typical precast parking garage with the area of focus indicated is 
shown in Figure 1-3 and Figure 1-4. 
 
Figure 1-3: Typical precast concrete parking garage isometric view 
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Figure 1-4: Typical precast parking garage plan view 
1.2. Current Chord Reinforcement 
Chord reinforcement in precast concrete structures consists of steel rebar placed in pour strips or 
embedded welded connections in lieu of pour strips.  For a precast concrete structure consisting 
of double tee floor members, the flange is cast with a recess at the locations of the pour strips.  
For example, a double tee with a 4 in. thick flange will be produced with a 2 in. thick flange at 
the locations of the pour strips.  The pour strips are located at the ends of the double tees, shown 
in red in Figure 1-4.  The pour strips are typically 2.5 ft to 4 ft wide.  Wide pour strips are often 
required to maintain reinforcement continuity around columns.  A typical double tee with 2.5 ft 
pour strips is shown in Figure 1-5 and illustrated in Figure 1-6.   
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Figure 1-5: Typical double tee 
 
Figure 1-6: Pour strip at litewall during erection 
Pour strips are an expensive facet of precast concrete structure erection.  The strip must be 
fabricated on site using cast-in-place concrete installed by the general contractor.  In addition the 
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strip must be reinforced with epoxy coated bars with significant lap lengths due to the minimal 
cover provided in the pour strip.  Even with pour strips up to 4 ft wide, maintaining 
reinforcement continuity around columns can be difficult.   
Producing a double tee with a reduced flange for the pour strip creates problems for the designer.  
The section properties of a double tee at the pour strip areas will be reduced.  Top fiber tension 
stresses at release need to be checked in the area with reduced section properties.  Strand 
debonding may be required to control top fiber stress.  Additionally, the area where the flange 
transitions from a reduced thickness to full thickness creates a stress concentration where a crack 
can form prior to erection.  This type of damage is shown in Figure 1-7. 
 
Figure 1-7: Crack at transition from reduced thickness flange to full thickness flange 
Because of the problems associated with pour strips, welded pretopped chord connections are 
sometimes used.  If welded connections are used, pour strips are not required.  In experimental 
testing, welded pretopped chord connections have not always performed up to expectations.  
Premature failure of the connection weld and flexure of the bar has been observed, significantly 
reducing the tension capacity of the connection (Naito and Cao 2007).  The welded connection 
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must be detailed carefully to allow sufficient ductility during both service and ultimate loads.  A 
typical double tee with pretopped chord connections is shown in Figure 1-9. 
 
Figure 1-8: Typical pretopped chord connection detail 
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Figure 1-9: Typical double tee with pretopped chord connection 
 
The pretopped chord connection must be placed precisely in the flange of each tee.  Horizontal 
misalignment can cause problems for the erector, resulting in time intensive field repairs and 
comprising the integrity of the connection.  To account for variances in the width of the double 
tee joints, the erector is required to use erection plates of varying widths.  As shown in Figure 
1-8, the connection should be detailed so the weld between the erection plate and the faceplate is 
concentric with the centerline of the tailbars.  If the chord connector is vertically misaligned, the 
erection plate between the two chord connectors will not be aligned with the tailbars.  As shown 
in Figure 1-10, if the erection plate is vertically misaligned, the weld of the rebar to the faceplate 
of the connector will be subjected to flexure, which could result in premature failure of the 
connection.   
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Figure 1-10: Free body diagram of chord connection with misaligned erection plate 
To assist the erector, the chord connection is typically fabricated with the faceplate on an angle, 
instead of flush with the side of the flange.  This method is shown in Figure 1-8 and Figure 1-11.  
This method of fabrication allows one welder to place the erection plate in the joint between the 
double tee members and complete the weld.  If the faceplate of the chord connection was flush 
with the double tee flange, a second person would have to hold the erection plate in place while 
the welder made the weld.  Although angling the faceplate simplifies placing the erection plate, it 
creates an issue while welding the erection plate.  Although the connection design requires a 
fillet weld, it is apparent that a fillet weld connecting a rectangular plate to an angled faceplate is 
not possible.  Instead, the resulting weld is a hybrid between a fillet weld and a partial 
penetration weld.  Weld inspection is very difficult when this method of construction is used. 
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Figure 1-11: Typical pretopped chord connector 
1.3. Unbonded Post-Tensioned Precast Concrete Walls 
Unbonded post tensioned connections have already been used successfully in precast concrete 
construction.  Extensive research has been done on unbonded post tensioned precast concrete 
walls.  In this method of construction, precast concrete walls are post tensioned across horizontal 
joints using post tensioning steel which is not bonded to the concrete (Kurama et. al. 1999).  A 
sketch illustrating this concept is shown in Figure 1-12.  Kurama et al. have shown unbonded 
post-tensioned precast walls can be designed to undergo large nonlinear lateral drift with little 
damage.  This is advantageous compared to cast-in-place walls, which accumulate large residual 
drift under lateral load.  The unbonded post-tensioned precast wall system can be designed to 
resist design level ground motions with little damage, and resist severe level ground motions 
with damage but without collapse (Kurama et. al. 1999).  Prior to the acceptance of unbonded 
post-tensioned precast concrete wall lateral load resisting systems, building codes in the United 
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States required precast concrete walls to emulate the behavior of cast-in-place reinforced 
concrete walls.  The requirements for the design of unbonded post tensioned precast concrete 
walls are addressed by ACI Standards ACI ITG-5.1-07 and ACI ITG-5.2-09.   
 
Figure 1-12: Unbonded post-tensioned precast wall (Kurama, et al. 1999): (a) elevation; (b) cross 
section near base 
1.4. Hybrid Post-Tensioned Frames 
Hybrid post-tensioned frames have been used successfully in precast concrete construction.  As 
shown in Figure 1-13, beams are connected with post-tensioning at the beam-column joints.  
Additional resistance is provided with bonded steel rebar at the top and bottom of the joints.  
During testing, this system displayed little or no damage during a collapse-level earthquake 
(Priestley et al. 1999).   
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Figure 1-13: Hybrid post-tensioned frame reinforcement detail (Priestley et al. 1999) 
The hybrid post-tensioned frame system has been used successfully in The Paramount, the tallest 
precast, prestressed concrete framed structure built in San Francisco, a region of high seismicity 
(Englekirk 2002). 
1.5. Proposed Unbonded Post Tensioned Strand Connection 
The need for a more economical chord connection that satisfies the design requirements led to 
the development of the unbonded post tensioned strand connection proposed in this report.  
Unbonded post tensioned strand for precast concrete floor diaphragms has a number of 
advantages over pour strip reinforcement and pretopped welded connections.  The unbonded 
strands will be placed below the flange of the double tees, eliminating the need for a pour strip.  
The unbonded strand can run through blockouts placed in the stem of the double tees.  Such 
blockouts are commonly used for electrical conduits in precast concrete construction.  A 
commonly used double tee stem blockout is shown in Figure 1-14.  An isometric view of a bay 
of double tees with unbonded post tensioned strand chord reinforcement is shown in Figure 1-15 
along with a conceptual post-tensioned diaphragm detail shown in Figure 1-16. 
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Figure 1-14: Double Tee Stem Blockout 
 
Figure 1-15: Isometric view of bay of double tees with unbonded post-tensioned chord 
reinforcement 
 
Figure 1-16: Conceptual post-tensioned diaphragm detail 
There are commercially available post-tensioned strand reinforcement specifically designed for 
external post-tensioning.  External post-tensioning systems typically include multiple layers of 
protection over the strand to provide corrosion and fire protection.  The price of steel strand is 
significantly less than the price of steel rebar.  At the time this document was printed, the price of 
#6 steel rebar was 1.5 times greater than the price of ½” diameter special low relaxation steel 
strand.  Less linear feet of strand will be required than steel rebar because the strand will not be 
lapped.   
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Unbonded post tensioned strand reinforcement is also more advantageous than pretopped welded 
connections.  As mentioned earlier, the price of steel strand is significantly less than the price of 
steel rebar.  As is the case with steel rebar placed in pour strips, the faceplate and rebar of the 
chord connection is often composed of stainless steel rebar or the faceplate is hot dip galvanized.  
The cost of welded embedded chords is significantly higher than the proposed unbounded 
system.  The unbounded chord system will also be more resilient than the pretopped chord 
connection due to its ability to deform elastically.  A significant improvement over some of the 
brittle failure modes observed for dry chord connections.     
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2.  Experimental Program 
To assess the feasibility of unbounded chord reinforcement for precast diaphragms an 
experimental research study was developed.  Information on the experimental program is 
discussed in this section.  Development of the scaled diaphragm model and details of the 
experimental subassembly and instrumentation are discussed.  The test matrix, connection 
details, and material properties are also presented. 
2.1. Subassembly Development 
2.1.1 Scaled Diaphragm Model 
A prototype precast diaphragm measuring 50 ft by 300 ft consisting of twenty-five 48 ft by 12 ft 
double tees with pour strips at each end was considered.  The diaphragm considered is shown in 
Figure 2-1.  The prototype diaphragm was assumed to be located in an area of high seismic 
demand.  To meet the high seismic requirements, the chord was reinforced with nine #9 rebars in 
the pour strip.  Both the level of chord reinforcement and diaphragm aspect ratio of 6 represent 
an extreme case, which are at the edge of typical diaphragm layouts.  The geometry was chosen 
to allow for examination of the chord response under a worse case condition.  To allow for large-
scale experimental investigation of the system only a portion of the diaphragm could be 
examined in the laboratory.  The experimental subassembly consists of the center portion of the 
prototype diaphragm as shown in Figure 2-1. 
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Figure 2-1: Actual Diaphragm 
Due to laboratory limitations, the prototype structure was scaled with a factor of 1/3.  The scaled 
diaphragm measures 96 ft x 16 ft and consists of 16 ft x 4 ft double tees.  The scaled diaphragm 
is shown in Figure 2-2.   
 
Figure 2-2: Scaled Diaphragm 
The chord reinforcement for the scaled model was selected so the stresses of the actual 
diaphragm equaled the stresses of the scaled diaphragm.   
fullscale σ=σ  (Eq. 1) 
2
full
full
2
scale
scale
L
F
L
F
=  
(Eq. 2) 
Using (Eq. 2), the scaled diaphragm contains three #5 rebar.  The reinforcement for the post 
tensioned scaled diaphragm was selected so the ultimate force of the chord reinforcement for the 
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scaled diaphragm equaled the ultimate force for the scaled diaphragm with the pour strip.  Thus, 
three 3/8 in. diameter grade 270 ksi strands were selected. 
The shear reinforcement for the scaled diaphragm was designed by back calculating the 
maximum shear demand, V, on the scaled diaphragm given the ultimate moment capacity, M. 
8
wLM
2
=  (Eq. 3) 
2
wLV =  (Eq. 4) 
Based on (Eq.3) the max distributed diaphragm load, w, was determined.  From (Eq. 4) and the 
distributed diaphragm load, the shear demand was determined.  The decision was made to use 
commercial off-the-shelf flange-to-flange connections over scaled fictitious connections.  This 
decision was made for three reasons:  1) creating a scaled connection that would perform in line 
with full scale connections would not be trivial; 2) the cost of creating the connectors would be 
significant, and 3) use of full-scale connectors would not significantly impact the chord response.  
A stainless steel JVI Vector Connector™ was chosen for use as the flange-to-flange connection.  
The scaled diaphragm required three size Vector Connectors™ at the ends of the diaphragm.  For 
simplicity the same shear reinforcement is used at each panel joint in the diaphragm.  The design 
quantities for the full scale diaphragm and the scaled model are summarized in Table 2-1. 
20 
Table 2-1: Design Quantities 
Design Quantity 
Amount/Value 
Full-scale Diaphragm Scaled Experimental Model 
Diaphragm Size 300 ft x 48 ft 96 ft x 16 ft 
Panel Size 48 ft x 12 ft 16 ft x 4 ft 
Number of Vector 
Connectors™ at Each Panel 
Joint 
31 3 
Amount of Chord 
Reinforcement  
9) #9 rebar 3) #5 rebar 
Chord Force 540 kip 55.8 kip 
Shear Force 326.3 kip 33.2 kip 
2.1.2 Diaphragm Design  
The scaled subassemblies were designed to have a comparable flexural strength.  Three 3/8 in. 
diameter low relaxation seven wire grade 270 strands were used for the chords of each unbonded 
subassembly.  The pretopped dry chord was sized to provide a similar ultimate strength.  Three 
#5 grade 60 bars were used in the dry chord.  The nominal ultimate tension capacity of the 
unbonded chord was 68.9 kips and the dry chord was 69.8 kips (assuming and ultimate strength 
of 1.25 yield).   
2.1.3 Experimental Subassembly 
The subassembly was developed assuming that the three JVI Vector Connectors™ are centered 
on the joint and spaced at 6 ft on center.  The chord elements are centered at 9 in. from the end of 
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each panel.  Two panels are connected to form an 8 ft wide by 16 ft long rectangular 
subassembly.  Web connections are included at both the panel to panel joint and panel to reaction 
frame interface.   
The panels are loaded in-plane using the loading fixture shown in Figure 2-3.  One edge of the 
rectangular subassembly is welded to the flange of a fixed restraining beam welded or bolted to 
the laboratory floor.  The other edge of the subassembly is welded to the flange of a low friction 
loading beam.  Each panel bears on steel angles with Teflon sheets to reduce friction.  The 
loading beam also bears on Teflon sheets to reduce friction and is free to move in the horizontal 
plane.  For test 1, control of the beam is made with a shear actuator and two tension-compression 
actuators.  For tests 2, 3, and 4, the shear actuator was disconnected from the loading beam, and 
control of the beam is made with two tension-compression actuators.  Tension and compression 
loads are measured by load cells in line with each actuator.  Displacement of each actuator is 
measured by an LVDT internal to the actuator. 
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Figure 2-3: Loading Fixture  
2.1.4 Instrumentation and Measurements 
Sixteen LVDT’s (linear voltage displacement transducers) were used to measure joint separation 
and panel deformation.  The locations of the LVDT’s are shown in Figure 2-4.  One LVDT was 
positioned to measure the joint separation at the three panel to panel connections, the three panel 
to low friction loading beam connections, and the three panel to fixed restraining beam 
connections.  LVDT’s were also 4.5 in. from the edge of the panel at each of the three joints in 
the subassembly.  An LVDT was used to measure the separation between the low friction 
loading beam and the fixed restraining beam on each side of the subassembly.  Additionally, 
three LVDT’s were used to measure shear deformations in the panels at each of the three joints 
in the subassembly. 
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Figure 2-4: Instrumentation Setup 
Load cells were used to measure the tension force applied to the post tensioned strands.  The load 
cell was positioned on each end of the subassembly connected to the low friction loading beam 
as shown in Figure 2-5.   
 
Side View 
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Top View 
Figure 2-5: Strand Load Cell Placement 
LVDT and load cell data recorded from the tests were used to predict the behavior of the system.  
A nonlinear model was developed to predict the load versus deformation response of the 
stainless steel JVI connection based on data from previous tests (Naito 2006; Shaikh 2002).  
Using the nonlinear force versus deformation models, the data from the LVDT’s at each 
connection was used to predict the resistance of each panel to panel and panel to beam 
connection during the entire time history of the test.  The resistance of the chord connection and 
the unbonded strands were determined using the same procedure.  This is discussed in further 
detail in Section 0 
2.1.5 Test Matrix 
The performance of three different connection details is included in this study.  A traditional pre-
topped chord connection detail is compared to two unbonded chord concepts.  The pre-topped 
detail represents current construction practice, while the unbonded system represents a new 
concept addressed by this research.  Two levels of initial prestress are examined for the 
unbonded case: 10% and 50% of the ultimate prestressing strand force.  Details of the design of 
each of these systems follow in subsequent sections.  A list of the tests conducted on each joint 
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type is presented in Table 2-2.  The results are presented in the report as sequenced in the table.  
The results and predicted response of each test are discussed separately.   
Table 2-2: Test Matrix 
Identification Test Specimen Loading Protocol 
Test 1 Unbonded Post Tensioned Strand – 0.50fpu 
Cyclic Tension 
Cyclic Flexure with Shear  
Test 2 Pretopped Chord 
Cyclic Tension 
Cyclic Flexure 
Test 3 Unbonded Post Tensioned Strand – 0.50fpu 
Cyclic Tension 
Cyclic Flexure 
Test 4 Unbonded Post Tensioned Strand – 0.10fpu 
Cyclic Tension 
Cyclic Flexure 
 
2.1.6 Deformation Protocols 
The panels were tested under monotonic tension, cyclic tension, monotonic flexure, and cyclic 
flexure.  All tests were conducted under quasi-static displacement control at a rate less than 0.05 
in/sec.   
2.1.6.1 Cyclic Tension 
Cyclic tension tests gave insight on the degradation of tension stiffness and ultimate strength 
under loading reversals.  Three preliminary cycles to 0.01 in. were conducted to evaluate control 
and acquisition accuracy.  The remaining protocol consisted of three symmetric tension cycles at 
increasing deformation levels.  Each level is based on a percentage of a reference deformation.  
Three elastic levels of 0.25∆, 0.50∆, and 0.67∆ were used. 
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2.1.6.2 Cyclic Flexure with Axial Force 
Cyclic flexure tests gave insight on elastic and inelastic response of the system.  The protocol 
consisted of symmetric flexure cycles at increasing deformation levels.  Each level is based on a 
percentage of a reference deformation.  Levels of 0.25∆, 0.50∆, and 0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. 
were used.  Increasing levels until failure of the system were performed.  Failure of the system 
was defined as failure of the chord reinforcement. 
2.1.6.3 Cyclic Flexure with Shear and Axial Force 
Cyclic flexure with shear tests gave insight on the effect of shear on the flexural performance of 
the system.  The protocol consisted of symmetric flexure cycles at increasing deformation levels.  
Each level is based on a percentage of a reference deformation.  Levels of 0.25∆, 0.50∆, and 
0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. were used.  Increasing levels until failure of the system were 
performed.  Failure of the system was defined as failure of the chord reinforcement. 
2.2. Specimen Details 
Double tees with 4 in. thick flanges are the most commonly used precast floor elements.  While 
the stems of double tees contribute to the member’s out-of-plane stiffness and load carrying 
capacity, they do not contribute to the performance of the diaphragm to in-plane loads.  For this 
reason, the experimental specimens consisted of two 4 in. thick slabs 4 ft wide and 16 ft long 
(Figure 2-7 and Figure 2-8).  The specimens include six JVI Vector Connectors™ embedded in 
each slab.  The slabs were reinforced with Gr. 80 SWWR D16.0xD5.2 1’-0”x3’-3” for 
temperature and shrinkage control.  Perimeter reinforcement was also provided to provide 
integrity at the boundary of the panels during shipping and handling.  This is typical for double 
tee construction.  Typical double tee flange reinforcement is shown in Figure 2-6.  All 
reinforcement in the slab was placed to minimize conflict with the JVI connectors.  Figure 2-7 
and Figure 2-8 show the specimen reinforcement.   
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Figure 2-6: Typical layout of mesh in tee flange for full scale tees with pour strips 
 
Figure 2-7: Specimen reinforcement without chord connection 
28 
 
Figure 2-8: Specimen reinforcement with chord connection 
 
Figure 2-9: Specimen fabrication 
2.3. Connection Details 
2.3.1 JVI Vector Connector™ 
The JVI Vector Connector™ was fabricated from ASTM A240 Type 304 stainless steel.  
Stainless steel Vector Connectors™ were chosen for the test specimens because stainless steel 
flange connections are typically chosen for precast parking garages.  The connectors were 
welded to a 4 in. x 1 in. x 3/8 in. rectangular erection plate.  Details of the connector are shown 
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in Figure 2-10.  Assumed material properties of the connection given the type of steel used are 
shown in Table 2-3. 
 
 
Figure 2-10: JVI Vector Connector™ 
Table 2-3: Vector Connector™ Material Properties 
Size Reinforcement 
Usage 
Grade Yield Stress 
[ksi] 
Ultimate 
Strength 
[ksi] 
JVI Vector 
Connector™ 
Connector Stainless 304 51.45 96.85 
PL 4 in. x 1 in. x 3/8 
in. 
Erection plate Stainless 304 51.45 96.85 
The stainless steel JVI Vector Connector™ has been tested at the University of Wisconsin-
Milwaukee under monotonic tension, monotonic horizontal shear without tension, cyclic 
horizontal shear without tension, monotonic horizontal shear with tension, cyclic horizontal 
shear with tension and vertical shear.  The connection has also been tested at Lehigh University 
under monotonic tension, monotonic shear, monotonic tension and shear, and cyclic tension.  
Below is the behavior of the stainless steel Vector Connector™ from the Lehigh testing. 
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Figure 2-11: JVI Vector Connector™ under monotonic tension 
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Figure 2-12: JVI Vector Connector™ under monotonic shear 
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Figure 2-13: JVI Vector Connector™ under cyclic tension 
2.3.2 Pretopped Carbon Chord Connector  
The carbon chord connector represents a typical dry chord connector between two double tee 
flanges used to resist axial forces in the diaphragm.  The connectors were welded to an 8.5 in. x 1 
in. x 3/8 in. rectangular erection plate.  At each end of each rebar, 4 in. of foam is wrapped 
around the reinforcement to enable yielding of the reinforcement.  All plate material conformed 
to ASTM A36.  All reinforcement bars conformed to ASTM A706 Grade 60 steel.  Details of the 
connector are shown in Figure 2-14.  Material properties of the connection based on mill 
certifications provided by the material fabricators are shown in Table 2-4.  The mill certifications 
are presented in Appendix 2. 
32 
 
 
Figure 2-14: Carbon Chord Connector 
Table 2-4: Carbon Chord Connector Material Properties 
Size Reinforcement 
Usage 
Grade Yield Stress 
[ksi] 
Ultimate 
Strength 
[ksi] 
PL 9 in. x 3 in. x 1/4 in. Connector A36 41.05 60.6 
#5 Reinforcing Bars A706 72.86 99.06 
PL 8.5 in. x 1 in x 3/8 
in. 
Erection plate A36 41.05 60.6 
 
Based on the material properties given the chord is expected to have a yield strength of 67.6 kips 
and a ultimate strength of 92.13 kips.  Assuming that the 4 in. end regions remain unbounded the 
estimated center joint opening is 0.01 in.  Assuming a fracture strain capacity of 0.14 the 
ultimate joint opening at failure should be on the order of 0.56 in. 
The Pre-topped Carbon Chord Connector was previously examined at Lehigh University.  The 
tested connection utilizes an unbonded region to enhance the tension ductility of the connection 
and to allow for shear compliance (i.e., shear movement with low force resistance).  The chord 
was fabricated from ASTM A36 plate and ASTM A706 reinforcement.  All welds were 
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conducted at room temperature using E7018 electrodes via the SMAW process.  The welds were 
sized to produce failure of the reinforcement prior to the welds.  Note, that the tested connector 
consists of 2 bars while the specimen used in the current test program consisted of 3 #5 bars.  
Details of the previous test are illustrated in Figure 2-15.  The results of the test are summarized 
in Figure 2-16 through Figure 2-18. 
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Figure 2-15: Pre-topped Carbon Chord Connector 
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Figure 2-16: Carbon Chord Connection under Monotonic Tension 
The previously examined connector consisted of 2 #5 bars and an unbonded length of 4 in. on 
either side of the joint.  Assuming the same properties as that of the connector used in the current 
experimental test program the strengths and deformation capacities can be computed.  For the 
test the expected yield and ultimate strengths are 45.2 kips and 61.4 kips.  This is on the order of 
what was measured.  The yield deformation and ultimate deformation should be on the order of 
0.010 in. and 0.56 in.  This is again on the order of what was measured during the monotonic 
test.  The cyclic test resulted in an earlier failure in the connection.  This may again be an issue in 
the system test. 
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Figure 2-17: Carbon Chord Connection under Monotonic Shear 
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Figure 2-18: Carbon Chord Connection under Cyclic Tension 
2.3.3 Unbonded Strand Reinforcement 
Unbonded strand reinforcement was used for the new diaphragm connection proposed in this 
study.  The strand reinforcement consisted of 7-wire 3/8” diameter 270 ksi low relaxation 
uncoated steel prestressing strand.  All prestressing strand conformed to ASTM A416.  The mill 
certifications for the strand reinforcement is presented in Appendix 2.  A summary of the mill 
certification for the strand reinforcement is presented in Table 2-5. 
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Table 2-5: Strand Reinforcement Mill Certification Summary 
Type 3/8” dia. 270 ksi 7 wire low-
relaxation 
Ultimate breaking strength 23737 lb 
Ultimate elongation 5.75% 
Representative area 0.085 in2 
Actual area 0.0873 in2 
Average modulus of 
elasticity 
29000 ksi 
2.4. Concrete Mix Design 
The concrete mix for the panels was a well established mix used by High Concrete Group that is 
representative of a typical concrete mix used in precast double tee fabrication.  The mix is a self-
consolidating early strength concrete with a history of achieving a 28-day compressive design 
strength of 7000 psi as noted in Table 2-6.  All panels were tested by an age of 40 days.  Greater 
consolidation with reduced vibration can be achieved by utilizing self-consolidating concrete.   
Table 2-6: Concrete Mix Design 
Design Strength [psi] 7000 
Water/Cement Ratio 0.31 
Total Volume 2.00 yd3 
Water 10 gal 
Slurry  30 lb 
St. Law. Slag 302 lb 
Essroc Gray Type S3 Cement 1202 lb 
Eastern W. Cocalico Aggregate 2960 lb 
York Belv Orange 2830 lb 
Sika AEA 14 Air 28 lb 
Sika ViscoCrete 4100 91 lb 
Sika CNI 768 lb 
Sika Rapid 1 408 lb 
Sikament 300 SC 10 lb 
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3.  Test 1: Unbonded Strand Reinforcement Stressed to 50% Ultimate Capacity 
This section presents the results from test 1.  The chord reinforcement for test 1 consisted of 
three unbonded 3/8 in. diameter low-relaxation, 270 ksi post-tensioned strands at each side of the 
test panels.  Each strand was post-tensioned prior to the start of testing to 50% of ultimate 
strength (0.5fpu).   The panels were connected with three JVI Vector Connectors™ centered on 
the joint and spaced at 6 ft on center.  The post-tensioned reinforcement was centered at 9 in. 
from the end of each panel.  Two panels are connected to form an 8 ft wide by 16 ft long 
rectangular subassembly.  Web connections are included at both the panel to panel joint and 
panel to reaction frame interface. The test setup is shown in Figure 3-1.  The geometry and 
reinforcement of the test specimens are shown in Figure 3-2.  Additional details of the test setup, 
connection details, and panel reinforcement can be found in Section 2.1. 2.  
 
Figure 3-1: Loading fixture  
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Figure 3-2: Specimen reinforcement without chord connection 
The test setup followed the below procedure. 
1. Install panels. 
2. Weld the three web connectors on the fixed beam. 
3. Install grout at the six grouted portions of the joints and allow grout to cure. 
4. Turn on hydraulic system. 
5. Weld the remaining six web connectors. 
6. Post-tension the steel strands. 
7. Begin the test. 
3.1. Test 1: Deformation Protocols 
Two deformation protocols were used during Test 3.  The experimental assembly was tested in 
cyclic tension and cyclic flexure. 
3.1.1 Test 1: Cyclic Tension Deformation Protocol 
Cyclic tension deformation cycles gave insight on the degradation of tension stiffness and 
ultimate strength under loading reversals.  The protocol consisted of tension cycles at increasing 
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deformation levels.  During each cyclic tension cycle, the joints on the left and right of the 
system were opened to a predetermined value.  After reaching the required displacement for each 
loading step, the joint opening was returned to zero.  Three preliminary cycles to 0.01 in. were 
conducted to evaluate control and acquisition accuracy.  The remaining protocol consisted of 
three tension cycles at increasing deformation levels.  Each level is based on a percentage of a 
reference deformation.  Three elastic levels of 0.25∆, 0.50∆, and 0.67∆ were used.  The tension 
reference value for test 1 was 0.524 in.  Thus, three elastic levels of 0.131 in., 0.262 in., and 
0.350 in. were used.  The loading protocol used during the cyclic tension phase of Test 3 is 
shown in Figure 3-3. 
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Figure 3-3: Test 1- cyclic tension: joint opening 
3.1.2 Cyclic Flexure with Shear Deformation Protocol 
Cyclic flexure with shear tests gave insight on the effect of shear on the elastic and inelastic 
flexural performance of the system.  The protocol consisted of flexure cycles at increasing 
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deformation levels.  Each level is based on a percentage of a reference deformation.  Levels of 
0.25∆, 0.50∆, and 0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. were used.  The flexure reference value for test 1 
was 0.350 in.  At each loading level, the joint at the right side of the test assembly was opened to 
the predetermined deformation level while the joint opening at the left side of the test assembly 
was kept constant.  The joint openings were controlled by the LVDT’s labeled C2 and C5 (see 
Figure 2-4).  Next the joint at both sides of the test assembly was brought to 0 in. displacement.  
This process was repeated for each loading level.  Increasing levels until failure of the system 
were performed.  Failure of the system was defined as failure of the chord reinforcement. 
The loading protocol is shown in Figure 3-5.  As the test progressed, permanent inelastic 
deformations of the JVI Vector Connectors™ prevented the joints from closing to their original 
positions.  As part of the testing protocol, the axial force across the joint was prevented from 
reaching a high level of compression.  Consequently, as damage accumulated, the baseline 
“zero” deformation increased.  This is manifested as an opening of the joint in the later 
deformation cycles. 
41 
3000 4000 5000 6000 7000 8000 9000 10000 11000 12000
0
0.5
1
1.5
2
2.5
Step
Jo
in
t O
pe
n
in
g 
[in
.
]
 
 
Left Joint (C2)
Right Joint (C5)
 
Figure 3-4: Test 1: Cyclic Flexure: Joint Opening 
There was a variation in the axial and shear loads applied to the system as a result of the 
deformation protocol.  This is shown in Figure 3-5.  
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Figure 3-5: Test 1 - Cyclic Flexure: Applied Axial and Shear Force 
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3.2. Test 1: Cyclic Tension Performance 
The cyclic tension and cyclic flexure cycles are discussed separately.  This section provides 
details on the performance of the system during the cyclic tension phase of test 3.  The response 
of the system under cyclic tension loading is shown in Figure 3-6. 
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Figure 3-6: Test 1 Cyclic Tension 
The response of the system under cyclic tension can be characterized in two different phases.  
Before the application of external load to the system, the post-tensioning force placed all the 
components of the system in compression.  The concrete slabs exhibit elastic shortening 
proportional to the post-tensioning force and the stiffness of the slabs.  The welded web 
connections and the grouted connections also exhibit elastic shortening based on the stiffness of 
each component.  The amount of elastic shortening at each joint can be determined by assuming 
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the deformation of each component is constant across the width of the joint, as shown in (Eq. 5) - 
(Eq. 9). 
entEachComponjo ∆=∆ int  (Eq. 
5) 
iJVIRightJVIMiddleJVILeftGroutRightGroutLeft PFFFFF 2=++++  (Eq. 
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9) 
The stiffness of the system is a function of the individual components of the system.  Below the 
decompression force, the system exhibited linear-elastic stress-strain response to applied load.  
The flange connectors and grouted joint sections remained in compression. The model provides a 
good bound on the measured elastic performance.  Note that as multiple cycles are applied the 
measured experimental response softens due to accumulation of minor damage at the joints. 
Above the decompression force, the system exhibited tri-linear stress-strain response to the 
applied load.  The web connections and the grouted joint sections are much stiffer in 
compression than in tension.  For this reason, there iswas a reduction of stiffness of the system 
after decompression.  The response of the system is further characterized by a change in stiffness 
of the web components as they yield under increasing deformation.  A predicted response based 
on a nonlinear analysis is also shown in Figure 3-7. 
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Figure 3-7: Test 1 cyclic tension: predicted response vs actual response 
No significant damage was observed until a displacement of 0.131 in.  At 0.131 in. the bond 
between the grouted areas of the joint between the panel and the free beam failed.  This is shown 
in Figure 3-8. 
  
Figure 3-8: Test 1 cyclic tension: 0.131 in. displacement 
At a displacement of 0.350 in., bending of the faceplates of the web connectors was observed.  
The connections at the panel to free beam joint displayed more deformation than the web 
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connections at the other joints.  This is shown in Figure 3-9.  No weld fracture or concrete 
damage was observed at these connections during the tension phase of testing. 
  
Figure 3-9: Test 1 cyclic tension: 0.350 in. displacement 
3.3. Test 1: Cyclic Flexure with Shear Performance 
This section provides details on the performance of the system during the cyclic flexure with 
shear phase of test 3.  The cyclic flexure phase of Test 3 contained nine levels of increasing 
rotation.  Three cycles were repeated for level 1 to level 6.  One cycle was performed for level 7 
to level 9.   
Damage in excess of what was observed during the cyclic shear phase and cyclic tension phase 
was not observed until a rotation of 0.082 degrees.  At this level, cracking was observed around 
the web connection 1A.  Deformation of the web connections at joints 2B and 3B was also 
observed.  This is shown in Figure 3-10. 
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Figure 3-10: Test 1 0.082 degrees rotation 
At rotation level 9 the system failed.  The mode of failure was fracture of the post-tensioned 
strands.  The test assembly at the conclusion of the cyclic flexure phase is shown in Figure 3-11 
and Figure 3-12. 
 
Figure 3-11: Test 1: post-tensioned strands at conclusion of cyclic flexure phase 
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Figure 3-12: Test 1: conclusion of cyclic flexure phase 
The overall performance of the system is shown in Figure 3-13.  The performance of the system 
during each rotation level is shown in Figure 3-14 - Figure 3-22.  The system had a high level of 
stiffness prior to decompression.  After decompression, the flexibility of the system increased 
allowing the joints to open more significantly.   
The strands remained in the elastic range until level 8.  When the strands entered the inelastic 
range, the system no longer returned to its initial period of high stiffness below the 
decompression moment.  
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Figure 3-13: Test 1 cyclic flexure 
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Figure 3-14: Test 1 cyclic flexure: level 1 
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Figure 3-15: Test 1 cyclic flexure: level 2 
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Figure 3-16: Test 1 cyclic flexure: level 3 
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Figure 3-17: Test 1 cyclic flexure: level 4 
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Figure 3-18: Test 1 cyclic flexure: level 5 
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Figure 3-19: Test 1 cyclic flexure: level 6 
During rotation level 7, the loading protocol caused a sudden increase in the compression force 
in actuator 1 which resulted in an applied moment of -14183 kip-in at a rotation of -0.12 degrees. 
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Figure 3-20: Test 1 cyclic flexure: level 7 
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Figure 3-21: Test 1 cyclic flexure: level 8 
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Figure 3-22: Test 1 cyclic flexure: level 9 
The backbone curve of the system is shown in Figure 3-23.  The first cycle of each level is 
shown in Figure 3-24. 
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Figure 3-23: Test 1 cyclic flexure backbone curve 
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Figure 3-24: Test 1 cyclic flexure backbone curve: first cycle of each level 
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The results of the cyclic flexure phase of test 1 are tabulated below.  The joint rotation of the 
overall system, the moment resistance of the overall system, and the total tensile axial load at the 
level of max moment are provided. 
Table 3-1: Test 1 cyclic flexure with shear: moment, axial, and shear loads 
Level Minimum 
Rotation 
[degrees] 
Minimum 
Moment 
[kip-in] 
Maximum 
Applied Axial 
Load 
[kip] 
Minimum 
Applied Shear 
Load 
[kip] 
1 -0.0212 -828 79.76 -14.73 
2 -0.0510 -4106 83.27 -39.93 
3 -0.0788 -4314 56.23 -44.87 
4 -0.1071 -4223 74.06 -43.97 
5 -0.1602 -4413 96.06 -48.86 
6 -0.2134 -4508 108.44 -44.71 
7 -0.3210 -14183 141.44 -76.69 
8 -0.4265 -5678 118.72 -37.97 
9 -0.8705 -6544 132.27 -27.02 
 
The moment and applied axial force histories are shown together in Figure 3-25.  The applied 
axial load indicates the results of the cyclic flexure phase of test 1 are conservative, since a large 
axial force would not be present in an actual diaphragm. 
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Figure 3-25: Test 1 cyclic flexure: moment and applied axial force histories 
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4.  Test 2: Pre-topped Carbon Chord Connector 
This section presents the results from Test 2.  The chord reinforcement for Test 2 consisted of the 
pre-topped carbon chord connector at each side of the test specimens.  The chord connectors 
were welded together as shown in Figure 4-4.  The chord reinforcement was centered at 9 in. 
from the ends of each panel.  The panels were also connected together with three JVI Vector 
Connectors™ centered on the joint and spaced at 6 ft on center. Web connections are included at 
both the panel to panel joint and panel to reaction frame interface.  The chord connector is shown 
in Figure 4-2.  The geometry and reinforcement of the test specimens are shown in Figure 4-3.  
The test setup is shown in Figure 4-1.  The shear actuator shown in Figure 4-1 was not connected 
to the test setup during test 2.  Additional details of the test setup, connection details, and panel 
reinforcement can be found in Section 2.1.2
.   
 
Figure 4-1: Test 2 loading fixture 
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Figure 4-2: Carbon Chord Connector 
 
Figure 4-3: Specimen Reinforcement with Chord Connection 
58 
 
Figure 4-4: Test 2 pretopped chord connection detail 
The test setup followed the below procedure. 
1. Install panels. 
2. Weld the three web connectors on the fixed beam. 
3. Weld the chord connections. 
4. Turn on hydraulic system. 
5. Weld the remaining six web connectors. 
6. Begin the test. 
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4.1. Test 2: Deformation Protocols 
Two deformation protocols were used during Test 3.  The experimental assembly was tested in 
cyclic tension and cyclic flexure. 
4.1.1 Test 2: Cyclic Tension Deformation Protocol 
Cyclic tension deformation cycles gave insight on the degradation of tension stiffness and 
ultimate strength under loading reversals.  The protocol consisted of tension cycles at increasing 
deformation levels.  During each cyclic tension cycle, the joints on the left and right of the 
system were opened to a predetermined value.  After reaching the required displacement for each 
loading step, the joint opening was returned to zero.  Three preliminary cycles to 0.01 in. were 
conducted to evaluate control and acquisition accuracy.  The remaining protocol consisted of 
three tension cycles at increasing deformation levels.  The loading protocol used for the cyclic 
tension phase of Test 3 is shown in Figure 4-5.   
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Figure 4-5: Test 2 - cyclic tension: joint opening 
4.1.2 Test 2: Cyclic Flexure Deformation Protocol 
Cyclic flexure tests gave insight on elastic and inelastic response of the system.  The protocol 
consisted of symmetric flexure cycles at increasing deformation levels.  Each level is based on a 
percentage of a reference deformation.  Levels of 0.25∆, 0.50∆, and 0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. 
were used.  The flexure reference value for Test 3 was 0.350 in.  At each loading level, first the 
joint at the right side of the test assembly was opened to the predetermined deformation level 
while the joint opening at the left side of the test assembly was kept constant.  The joint openings 
were controlled by the LVDT’s labeled C2 and C5 (see Figure 2-4).  Next the joint at both sides 
of the test assembly was brought to 0 in. displacement.  Then the joint on the left side of the test 
assembly was opened to the predetermined deformation level while the joint on the right side of 
the test assembly was kept at 0 in. deformation.  Finally the joint on both sides of the test 
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assembly was brought to 0 in. displacement.  This process was repeated for each loading level.  
Increasing levels until failure of the system were performed.  Failure of the system was defined 
as failure of the chord reinforcement. 
The loading protocol is shown in Figure 4-6.  As the test progressed, permanent inelastic 
deformations of the JVI Vector Connectors™ prevented the joints from closing to their original 
positions.  As part of the testing protocol, the axial force across the joint was prevented from 
reaching a high level of compression.  Consequently, as damage accumulated, the baseline 
“zero” deformation increased.  This is manifested as an opening of the joint in the later 
deformation cycles. 
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Figure 4-6: Test 2 - Cyclic Flexure: Joint Opening 
There was a variation in the axial load applied to the system as a result of the deformation 
protocol.  This is shown in Figure 4-7 and Figure 4-8.  The total axial load on the joint at every 
point in time is presented in Figure 4-7.  The corresponding axial demand applied during the 
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entire cyclic flexure phase is presented in Figure 4-8.  The rotation represents the sum of the joint 
openings as measured by LVDT’s C2 and C5 (see Figure 2-4). 
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Figure 4-7: Test 2 - cyclic flexure: applied axial force 
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Figure 4-8: Test 2 - cyclic flexure: applied axial force vs rotation 
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4.2. Test 2: Cyclic Tension Performance 
The tension cycles and the flexure cycles are discussed separately.  This section provides details 
on the performance of the system during the cyclic tension phase of test 2.  The response of the 
system under cyclic tension loading is shown in Figure 4-9. 
The system exhibited linear elastic stress-strain response during the entire cyclic tension phase.  
A predicted response based on a linear stress-strain analysis is shown in Figure 4-10.    Two 
assumptions were made.  First only the unbonded length of the rebar was used to determine the 
stiffness of the chord connection.  This is shown as “Predicted Response 2” in Figure 4-10.  Then 
the entire length of the rebar was used to determine the stiffness of the chord connection.  This is 
shown as “Predicted Response 1” in Figure 4-10.  Using the entire length of the rebar to 
determine the stiffness of the chord connection was a better predictor of the behavior of the 
system.   
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Figure 4-9: Test 2 cyclic tension 
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Figure 4-10: Test 2 cyclic tension: predicted response vs actual response 
At the conclusion of the cyclic tension phase of test 2, cracks were observed above the chord 
connections at the panel to panel joint.  This is shown in Figure 4-11. 
  
Figure 4-11: Test 2 observations at conclusion of cyclic tension phase 
4.3. Test 2: Cyclic Flexure Performance 
During the cyclic flexure stage of Test 2, the joint on either the left or right side of the test 
assembly was opened to a predetermined displacement according to the loading protocol of 
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Section 2.1.6.2 while the joint on the other side of the test assembly was kept at a constant 
displacement.  For example, to start the cyclic flexure portion of the test, the actuator on the right 
side of the test assembly applied increasing force until the LVDT’s on the right side of the 
assembly recorded a displacement equal to 0.088 in.  At each loading interval the actuator on the 
left side of the test assembly applied increasing or decreasing force until the LVDT’s on the left 
side of the test assembly recorded a displacement equal to 0 in.  As the test progressed, 
permanent inelastic deformations of the chord connections and JVI Vector Connectors™ 
prevented the joints from closing to their original positions.  The loading protocol is illustrated in 
Figure 4-6.   
During the test there was a variable axial load applied to the system.  This is shown in Figure 
4-7. 
At a rotation of 0.027 degrees, longitudinal cracks were observed at the chord connections at the 
panel to panel joint.  This is shown in Figure 4-12. 
  
Figure 4-12: Test 2 cyclic flexure: 0.027 degrees rotation 
At a rotation of 0.054 degrees, significant hairline cracking was observed in the panels.  The 
cracking occurred on the side of the panels undergoing rotation.  This is shown in  
66 
  
Figure 4-13: Test 2 cyclic flexure: 0.054 degrees rotation 
During cycles 2 and 3 of rotation level 0.054 degrees, additional cracking was observed at the 
chord connections.  This is shown in  
  
Figure 4-14: Test 2 cyclic flexure: 0.054 degrees rotation 
Increased cracking of the panels, particularly around the chord connections was observed at 
during a rotation of 0.082 degrees.  The faceplates of the chord connections at the panel to panel 
joint began to separate from the panels.  This is shown in  
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Figure 4-15: Test 2 cyclic flexure: 0.082 degrees rotation 
During the second cycle of rotation level 0.217 degrees, the chord connection at the panel to 
panel joint 4A failed.  The connection plate failed in tension.  The web connection at joint 3A 
was on the verge of pullout failure.  This is shown in Figure 4-16.  Failure of the connection 
plate was not the expected mode of failure.  The expected mode of failure was failure of the 
anchorage bar to faceplate welds.  It is possible that larger welds than expected were used during 
fabrication of the connection hardware. 
  
Figure 4-16: Test 2 cyclic flexure: 0.217 degrees rotation 
The test assembly at the conclusion of the cyclic flexure phase of test 2 is shown in  
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Figure 4-17: Test 2 test assembly at conclusion of cyclic flexure phase 
The overall performance of the system and the performance of the system during each cyclic 
flexure rotation level is shown in Figure 4-17 - Figure 4-24. 
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Figure 4-18: Test 2 moment rotation 
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Figure 4-19: Test 2 moment rotation: level 1 
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Figure 4-20: Test 2 moment rotation: level 2 
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The system remained elastic until rotation level 3.  At rotation level 3, the chord connections at 
the panel to panel joint yielded.  Inelastic deformation of the chord connection during the 
positive rotation cycle manifested itself as permanent inelastic deformation upon unloading.  
Rotations above this point result in damage to the diaphragm that will have to be repaired after a 
seismic event. 
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Figure 4-21: Test 2 moment rotation: level 3 
71 
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
-6000
-4000
-2000
0
2000
4000
6000
Rotation [degrees]
M
o
m
en
t [
ki
p-
in
]
 
Figure 4-22: Test 2 moment rotation: level 4 
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Figure 4-23: Test 2 moment rotation: level 5 
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Figure 4-24: Test 2 moment rotation: level 6 
The backbone curve of the system is shown in Figure 4-25.  The first cycle of each level is 
shown in Figure 4-26. 
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Figure 4-25: Test 2 cyclic flexure backbone curve 
-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15
-8000
-6000
-4000
-2000
0
2000
4000
6000
8000
Rotation [degrees]
M
o
m
en
t [
ki
p-
in
]
 
 
Cycle 1
Cycle 2
Cycle 3
Cycle 4
Cycle 5
Cycle 6
 
Figure 4-26: Test 2 cyclic flexure backbone curve: first cycle of each level 
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The results of the cyclic flexure phase of test 2 are tabulated below.  The joint rotation of the 
overall system, the moment resistance of the overall system, and the total tensile axial load at the 
level of max moment are provided. 
Table 4-1: Test 2 cyclic flexure: moment and axial load  
Level Maximum 
Rotation 
[degrees] 
Minimum 
Rotation 
[degrees] 
Maximum 
Moment 
[kip-in] 
Minimum 
Moment 
[kip-in] 
Maximum 
Applied Axial 
Load 
[kip] 
1 0.0332 -0.0249 2760.6 -3420.6 90.26 
2 0.0620 -0.0498 5563.8 -6092.5 90.71 
3 0.0955 -0.0780 7928.5 -6592.8 94.67 
4 0.1017 -0.0851 6850.3 -6903.0 102.12 
5 0.1139 -0.1418 7676.2 -7237.5 113.56 
6 0.1271 -0.1926 8064.6 -7228.2 115.72 
 
The moment and applied axial force histories are shown together in Figure 4-27.  The applied 
axial load indicates the results of the cyclic flexure phase of test 2 are conservative, since a large 
axial force would not be present in an actual diaphragm. 
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Figure 4-27: Test 2 cyclic flexure: moment and applied axial force histories 
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5.  Test 3: Unbonded Strand Reinforcement Stressed to 50% Ultimate Capacity 
This section presents the results from Test 3.  The chord reinforcement for Test 3 consisted of 
three unbonded 3/8 in. diameter low-relaxation, 270 ksi post-tensioned strands at each side of the 
test panels.  Each strand was post-tensioned prior to the start of testing to 50% of ultimate 
strength (0.5fpu).   The panels were connected with three JVI Vector Connectors™ centered on 
the joint and spaced at 6 ft on center.  The post-tensioned reinforcement was centered at 9 in. 
from the end of each panel.  Two panels are connected to form an 8 ft wide by 16 ft long 
rectangular subassembly.  Web connections are included at both the panel to panel joint and 
panel to reaction frame interface. The test setup is shown in Figure 5-1.  The shear actuator 
shown in Figure 5-1 was not connected to the test setup during test 3.  The geometry and 
reinforcement of the test specimens are shown in Figure 5-2.  Additional details of the test setup, 
connection details, and panel reinforcement can be found in Section 2.1. 2.  
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Figure 5-1: Loading fixture  
 
Figure 5-2: Specimen reinforcement without chord connection 
The test setup followed the below procedure. 
1. Install panels. 
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2. Weld the three web connectors on the fixed beam. 
3. Install grout at the six grouted portions of the joints and allow grout to cure. 
4. Turn on hydraulic system. 
5. Weld the remaining six web connectors. 
6. Post-tension the steel strands. 
7. Begin the test. 
5.1. Test 3: Deformation Protocols 
Two deformation protocols were used during Test 3.  The experimental assembly was tested in 
cyclic tension and cyclic flexure. 
5.1.1 Test 3: Cyclic Tension Deformation Protocol 
Cyclic tension deformation cycles gave insight on the degradation of tension stiffness and 
ultimate strength under loading reversals.  The protocol consisted of tension cycles at increasing 
deformation levels.  During each cyclic tension cycle, the joints on the left and right of the 
system were opened to a predetermined value.  After reaching the required displacement for each 
loading step, the joint opening was returned to zero.  Three preliminary cycles to 0.01 in. were 
conducted to evaluate control and acquisition accuracy.  The remaining protocol consisted of 
three tension cycles at increasing deformation levels.  Each level is based on a percentage of a 
reference deformation.  Three elastic levels of 0.25∆, 0.50∆, and 0.67∆ were used.  The tension 
reference value for Test 3 was 0.524 in.  Thus, three elastic levels of 0.131 in., 0.262 in., and 
0.350 in. were used.  The loading protocol used for the cyclic tension phase of Test 3 is shown in 
Figure 5-3.   
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Figure 5-3: Test 3 - cyclic tension: loading protocol 
5.1.2 Test 3: Cyclic Flexure Deformation Protocol 
Cyclic flexure tests gave insight on elastic and inelastic response of the system.  The protocol 
consisted of symmetric flexure cycles at increasing deformation levels.  Each level is based on a 
percentage of a reference deformation.  Levels of 0.25∆, 0.50∆, and 0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. 
were used.  The flexure reference value for Test 3 was 0.350 in.  At each loading level, first the 
joint at the right side of the test assembly was opened to the predetermined deformation level 
while the joint opening at the left side of the test assembly was kept constant.  The joint openings 
were controlled by the LVDT’s labeled C2 and C5 (see Figure 2-4).  Next the joint at both sides 
of the test assembly was brought to 0 in. displacement.  Then the joint on the left side of the test 
assembly was opened to the predetermined deformation level while the joint on the right side of 
the test assembly was kept at 0 in. deformation.  Finally the joint on both sides of the test 
assembly was brought to 0 in. displacement.  This process was repeated for each loading level.  
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Increasing levels until failure of the system were performed.  Failure of the system was defined 
as failure of the chord reinforcement. 
The loading protocol is shown in Figure 5-4.  As the test progressed, permanent inelastic 
deformations of the JVI Vector Connectors™ prevented the joints from closing to their original 
positions.  As part of the testing protocol, the axial force across the joint was prevented from 
reaching a high level of compression.  Consequently, as damage accumulated, the baseline 
“zero” deformation increased.  This is manifested as an opening of the joint in the later 
deformation cycles. 
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Figure 5-4: Test 3 - cyclic flexure: joint openings 
 
There was a variation in the axial load applied to the system as a result of the deformation 
protocol.  This is shown in Figure 5-5, Figure 5-6, and Figure 5-7.  The total axial load on the 
joint at every point in time is presented in Figure 5-5.  The corresponding axial demand applied 
during flexural cycles 1 and 2 is presented in Figure 5-6.  The corresponding axial demand 
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applied during the entire cyclic flexure phase is presented in Figure 5-7.  The rotation represents 
the sum of the joint openings as measured by LVDT’s C2 and C5 (see Figure 2-4).  
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Figure 5-5: Test 3 - cyclic flexure: applied axial force 
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Figure 5-6: Test 3 - cyclic flexure cycles 1-2 - axial force vs rotation 
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Figure 5-7: Test 3 - cyclic flexure cycles 1-10: axial force vs rotation 
5.2. Test 3: Cyclic Tension Performance 
The tension cycles and the flexure cycles are discussed separately.  This section provides details 
on the performance of the system during the cyclic tension phase of test 3.  The response of the 
system under cyclic tension loading is shown in Figure 5-8. 
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Figure 5-8:  Test 3 cyclic tension 
The response of the system under cyclic tension can be characterized in two different phases.  
Before the application of external load to the system, the post-tensioning force placed all the 
components of the system in compression.  The concrete slabs exhibit elastic shortening 
proportional to the post-tensioning force and the stiffness of the slabs.  The welded web 
connections and the grouted connections also exhibit elastic shortening based on the stiffness of 
each component.  The amount of elastic shortening at each joint can be determined by assuming 
the deformation of each component is constant across the width of the joint, as shown in (Eq. 10) 
- (Eq. 13). 
entEachComponjo ∆=∆ int  (Eq. 
10) 
iJVIRightJVIMiddleJVILeftGroutRightGroutLeft PFFFFF 2=++++  (Eq. 
11) 
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concreteconcrete
i
concrete EA
LP 02=∆  (Eq. 
13) 
concretejoiondecompress ∆+∆=∆ 23 int  (Eq. 
14) 
The stiffness of the system is a function of the individual components of the system.  Below the 
decompression force, the system exhibited linear-elastic stress-strain response to applied load.  
The flange connectors and grouted joint sections remained in compression. The model provides a 
good bound on the measured elastic performance.  Note that as multiple cycles are applied the 
measured experimental response softens due to accumulation of minor damage at the joints. 
Above the decompression force, the system exhibited tri-linear stress-strain response to the 
applied load.  The web connections and the grouted joint sections are much stiffer in 
compression than in tension.  For this reason, there was a reduction of stiffness of the system 
after decompression.  The response of the system is further characterized by a change in stiffness 
of the web components as they yield under increasing deformation.  A predicted response based 
on a nonlinear analysis is also shown in Figure 5-9. 
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Figure 5-9: Test 3 cyclic tension: predicted response vs actual response 
No significant damage was observed until a displacement of 0.131 in.  At this displacement, the 
panel to panel joint opened and the bond at the grouted portions of the panel to panel joint failed.  
Bending of the faceplates of the web connectors was also observed at all joints.  This is shown in 
Figure 5-10. 
  
Figure 5-10: Test 3 cyclic tension: damaged observed at 0.131 in. displacement 
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The displacement at the panel to panel joint was greater than the displacement at the panel to 
beam joints during the entirety of the cyclic flexure test.  This is because the JVI web 
connections at the panel to panel joint are half as stiff as the JVI web connections at the panel to 
beam joints.  This is shown in Figure 5-11. 
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Figure 5-11: Test 3 cyclic tension: joint displacement history 
Bending of the faceplates of the web connectors increased until the conclusion of the cyclic 
tension portion of Test 3.  This is shown in Figure 5-12.  No weld fracture or concrete damage 
was observed at these connections during the tension phase of testing.   
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Figure 5-12: Test 3 cyclic tension: end of cyclic tension phase 
5.3. Test 3: Cyclic Flexure Performance 
The moment – rotation performance of the system during the cyclic flexure phase is shown in 
Figure 5-19.  The cyclic flexure phase of Test 3 contained ten levels of increasing rotation.  
Three cycles were repeated for each level.  
Damage in excess of what was observed during the cyclic tension phase was not observed until a 
rotation of 0.217 degrees.  At 0.217 degrees, mild cracking was observed around the web 
connections.  This is shown in Figure 5-13. 
  
Figure 5-13: Test 3 cyclic flexure: 0.217 degrees rotation 
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Additional damage was observed at a rotation of 0.435 degrees.  At this location the welds at the 
web connections at joints 1A and 3A of the experimental subassembly began to fracture.  This is 
shown in Figure 5-14. 
  
Figure 5-14: Test 3 cyclic flexure 0.435 degrees rotation 
The displacement at the panel to panel joint was greater than the displacement at the panel to 
beam joints during the entirety of the cyclic flexure test.  This is because the JVI web 
connections at the panel to panel joint are half as stiff as the JVI web connections at the panel to 
beam joints.  This is shown in Figure 5-15. 
89 
2000 4000 6000 8000 10000 12000 14000 16000
-0.5
0
0.5
1
1.5
2
2.5
3
3.5
Step
D
isp
la
ce
m
en
t [
in
]
 
 
LVDT d3
LVDT d7
LVDT d10
 
Figure 5-15: Test 3 cyclic flexure: joint displacement history 
At a rotation of 0.652 degrees, the web connections at joints 1A and 3A failed.  The web 
connections in the middle of the experimental subassembly were on the verge of failure.  This is 
shown in Figure 5-16. 
  
Figure 5-16: Test 3 cyclic flexure 0.652 degrees rotation 
At a rotation of 0.869 degrees, the web connection at joint 2A failed.  This is shown in Figure 
5-17.   
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Figure 5-17: Test 3 cyclic flexure 0.869 degrees rotation 
The cyclic flexure phase was terminated after level 10 prior to failure of the system to protect the 
load cells from damage that may have occurred during failure of the post-tensioned strands.  At 
the end of the test, 8 in. of sag was observed in the post-tensioned strands due to inelastic 
elongation.  This is shown in Figure 5-18. 
 
Figure 5-18: Test 3: test assembly at conclusion of cyclic flexure phase 
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The performance of the system during each level is shown in Figure 5-18 - Figure 5-29.  The 
system had a high level of stiffness prior to decompression.  After decompression, the flexibility 
of the system increased allowing the joints to open more significantly.  At small rotations just 
past decompression a negative moment-rotation stiffness was observed.  This is likely due to the 
change in stiffness as the web connectors transition from tension to compression.  This is shown 
in Figure 5-23.   
After the period of negative stiffness, the behavior of the system was dominated by the behavior 
of the post-tensioned strands.  The strands remained in the elastic range until level 8.  When the 
strands entered the inelastic range, the system no longer returned to its initial period of high 
stiffness below the decompression moment.    
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Figure 5-19:  Test 3 moment rotation 
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Figure 5-20: Test 3 moment rotation: level 1 
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Figure 5-21: Test 3 moment rotation: level 2 
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Figure 5-22: Test 3 moment rotation: level 3 
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Figure 5-23: Test 3 moment rotation: level 4 
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Figure 5-24: Test 3 cyclic flexure: level 5 
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Figure 5-25: Test 3 cyclic flexure: level 6 
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Figure 5-26: Test 3 cyclic flexure: level 7 
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Figure 5-27: Test 3 cyclic flexure: level 8 
During rotation level 8, the strands yielded during cycle 1.  Due to inelastic deformation of the 
strands, the precompression force was lost during cycles 2 and 3.  Inelastic deformation of the 
strand during the positive rotation cycle also manifested itself as permanent inelastic deformation 
upon unloading.  Slack in the strands caused the system to have no strength against moment for 
rotations less than 0.4 degrees.  The diaphragm should be designed so stress in the steel strands 
remains below yield stress of the strands.   Exceeding this limit will result in large deformations.  
Large deformations of the diaphragm may result in localized failures of the gravity load-resisting 
system.  This may cause collapse of the structure or damage that may render the structure 
unusable after the seismic event.   
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Figure 5-28: Test 3 cyclic flexure: level 9 
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Figure 5-29: Test 3 cyclic flexure: level 10 
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The backbone curve of the system is shown in Figure 5-30.  The first cycle of each level is 
shown in Figure 5-31.   
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Figure 5-30: Test 3 cyclic flexure backbone curve 
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Figure 5-31: Test 3 cyclic flexure backbone curve: first cycle of each level 
The results of the cyclic flexure phase of test 3 are tabulated below.  The joint rotation of the 
overall system, the moment resistance of the overall system, and the total tensile axial load at the 
level of max moment are provided. 
Table 5-1: Test 3 cyclic flexure: moment and axial load  
Level Maximum 
Rotation 
[degrees] 
Minimum 
Rotation 
[degrees] 
Maximum 
Moment 
[kip-in] 
Minimum 
Moment 
[kip-in] 
Maximum 
Applied Axial 
Load 
[kip] 
1 0.0281 -0.0279 3122.4 -2483.3 85.6 
2 0.0533 -0.0554 3075.2 -2899.4 73.9 
3 0.0825 -0.0848 3712.6 -3358.0 90.3 
4 0.1122 -0.1110 333.7 -2745.9 99.8 
5 0.1667 -0.1645 3662.1 -3466.4 109.5 
6 0.2214 -0.2202 3908.4 -3595.8 118.3 
7 0.3354 -0.3277 5272.6 -4445.4 128.1 
8 0.4410 -0.4430 6117.7 -6009.0 119.0 
9 0.5351 -0.7014 6612.2 -5839.8 113.6 
10 0.6040 -0.8221 7130.9 N/A 111.5 
 
The moment and applied axial force histories are shown together in Figure 5-32.  The applied 
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axial load indicates the results of the cyclic flexure phase of test 3 are conservative, since a large 
axial force would not be present in an actual diaphragm. 
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Figure 5-32: Test 3 cyclic flexure: moment and applied axial force histories 
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6.  Test 4: Unbonded Strand Reinforcement Stressed to 10% Ultimate Capacity 
This section presents the results from Test 4.  The chord reinforcement for Test 4 consisted of 
three unbonded 3/8 in. diameter low-relaxation, 270 ksi post-tensioned strands at each side of the 
test panels.  Each strand was post-tensioned prior to the start of testing to 10% of ultimate 
strength (0.10fpu).   The panels were connected with three JVI Vector Connectors™ centered on 
the joint and spaced at 6 ft on center.  The post-tensioned reinforcement was centered at 9 in. 
from the end of each panel.  Two panels are connected to form an 8 ft wide by 16 ft long 
rectangular subassembly.  Web connections are included at both the panel to panel joint and 
panel to reaction frame interface. The test setup is shown in Figure 6-1.  The shear actuator 
shown in Figure 6-1 was not connected to the test setup during test 4.  The geometry and 
reinforcement of the test specimens are shown in Figure 6-2.  Additional details of the test setup, 
connection details, and panel reinforcement can be found in Section 2.1. 2.  
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Figure 6-1: Loading fixture  
 
Figure 6-2: Specimen reinforcement without chord connection 
The test setup followed the below procedure. 
1. Install panels. 
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2. Weld the three web connectors on the fixed beam. 
3. Install grout at the six grouted portions of the joints and allow grout to cure. 
4. Turn on hydraulic system. 
5. Weld the remaining six web connectors. 
6. Post-tension the steel strands. 
7. Begin the test. 
6.1. Test 4: Deformation Protocols 
Two deformation protocols were used during Test 4.  The experimental assembly was tested in 
cyclic tension and cyclic flexure. 
6.1.1 Test 4: Cyclic Tension Deformation Protocol 
Cyclic tension deformation cycles gave insight on the degradation of tension stiffness and 
ultimate strength under loading reversals.  The protocol consisted of tension cycles at increasing 
deformation levels.  During each cyclic tension cycle, the joints on the left and right of the 
system were opened to a predetermined value.  After reaching the required displacement for each 
loading step, the joint opening was returned to zero.  Three preliminary cycles to 0.01 in. were 
conducted to evaluate control and acquisition accuracy.  The remaining protocol consisted of 
three tension cycles at increasing deformation levels.  Each level is based on a percentage of a 
reference deformation.  Three elastic levels of 0.25∆, 0.50∆, and 0.67∆ were used.  The tension 
reference value for Test 4 was 0.524 in.  Thus, three elastic levels of 0.131 in., 0.262 in., and 
0.350 in. were used.  The loading protocol used during the cyclic tension phase of Test 4 is 
shown in Figure 6-3.   
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Figure 6-3: Test 4 - cyclic tension: loading protocol 
6.1.2 Test 4: Cyclic Flexure Deformation Protocol 
Cyclic flexure tests gave insight on elastic and inelastic response of the system.  The protocol 
consisted of symmetric flexure cycles at increasing deformation levels.  Each level is based on a 
percentage of a reference deformation.  Levels of 0.25∆, 0.50∆, and 0.75∆, 1.0∆, 1.5∆, 2.0∆, etc. 
were used.  The flexure reference value for Test 4 was 0.350 in.  At each loading level, first the 
joint at the right side of the test assembly was opened to the predetermined deformation level 
while the joint opening at the left side of the test assembly was kept constant.  The joint openings 
were controlled by the LVDT’s labeled C2 and C5 (see Figure 2-4).  Next the joint at both sides 
of the test assembly was brought to 0 in. displacement.  Then the joint on the left side of the test 
assembly was opened to the predetermined deformation level while the joint on the right side of 
the test assembly was kept at 0 in. deformation.  Finally the joint on both sides of the test 
assembly was brought to 0 in. displacement.  This process was repeated for each loading level.  
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Increasing levels until failure of the system were performed.  Failure of the system was defined 
as failure of the chord reinforcement. 
The loading protocol is shown in Figure 6-4.  As the test progressed, permanent inelastic 
deformations of the JVI Vector Connectors™ prevented the joints from closing to their original 
positions.  As part of the testing protocol, the axial force across the joint was prevented from 
reaching a high level of compression.  Consequently, as damage accumulated, the baseline 
“zero” deformation increased.  This is manifested as an opening of the joint in the later 
deformation cycles.   
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Figure 6-4: Test 4 - Cyclic Flexure: Joint Openings 
 
There was a variation in the axial load applied to the system as a result of the deformation 
protocol.  This is shown in Figure 6-5 and Figure 6-6.  The total axial load on the joint at every 
point in time is presented in Figure 6-5.  The corresponding axial demand applied during the 
107 
entire cyclic flexure phase is presented in Figure 6-6.  The rotation represents the sum of the joint 
openings as measured by LVDT’s C2 and C5 (see Figure 2-4). 
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Figure 6-5: Test 4 - Cyclic Flexure: Applied Axial Force 
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Figure 6-6: Test 4 - cyclic flexure - axial force vs rotation 
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6.2. Test 4: Cyclic Tension Performance 
The tension cycles and the flexure cycles are discussed separately.  This section provides details 
on the performance of the system during the cyclic tension phase of test 4.  The response of the 
system under cyclic tension loading is shown in Figure 6-7. 
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Figure 6-7:  Test 4 cyclic tension 
The response of the system under cyclic tension can be characterized in two different phases.  
Before the application of external load to the system, the post-tensioning force placed all the 
components of the system in compression.  The concrete slabs exhibit elastic shortening 
proportional to the post-tensioning force and the stiffness of the slabs.  The welded web 
connections and the grouted connections also exhibit elastic shortening based on the stiffness of 
each component.  The amount of elastic shortening at each joint can be determined by assuming 
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the deformation of each component is constant across the width of the joint, as shown in (Eq. 15) 
- (Eq. 19). 
entEachComponjo ∆=∆ int  (Eq. 
15) 
iJVIRightJVIMiddleJVILeftGroutRightGroutLeft PFFFFF 2=++++  (Eq. 
16) 
GroutGroutJVIJVI
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2
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concrete EA
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18) 
concretejoiondecompress ∆+∆=∆ 23 int  (Eq. 
19) 
The stiffness of the system is a function of the individual components of the system.  Below the 
decompression force, the system exhibited linear-elastic stress-strain response to applied load.  
The flange connectors and grouted joint sections remained in compression.  The model provides 
a good bound on the measured elastic performance.  As multiple cycles are applied the measured 
experimental response softens due to accumulation of minor damage at the joints. 
Above the decompression force, the system exhibited tri-linear stress-strain response to the 
applied load.  The web connections and the grouted joint sections are much stiffer in 
compression than in tension.  For this reason, there was a reduction of stiffness of the system 
after decompression.  The response of the system is further characterized by a change in stiffness 
of the web components as they yield under increasing deformation.  A predicted response based 
on a nonlinear analysis is also shown in Figure 6-8. 
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Figure 6-8: Test 4 cyclic tension: predicted response vs actual response 
No significant damage was observed until a displacement of 0.262 in.  At this displacement the 
panel to panel joint opened and the bond at the grouted portions of the panel to panel joint failed.  
This is shown in Figure 6-9.   
  
Figure 6-9: Test 4 cyclic tension: damage observed at 0.262 in. displacement 
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The displacement at the panel to panel joint was greater than the displacement at the panel to 
beam joints during the entirety of the cyclic flexure test.  This is because the JVI web 
connections at the panel to panel joint are half as stiff as the JVI web connections at the panel to 
beam joints.  This is shown in Figure 6-10. 
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Figure 6-10: Test 4 cyclic tension: joint displacement history 
 
6.3. Test 4: Cyclic Flexure Performance 
The cyclic flexure phase of Test 3 contained ten levels of increasing rotation.  Three cycles were 
repeated for each level.  
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Damage in excess of what was observed during the cyclic tension phase was not observed until a 
rotation of 0.326 degrees.  At 0.326 degrees, mild cracking and bending of the faceplates was 
observed around the web connections at joint 1A and 3A.  This is shown in Figure 6-11. 
  
Figure 6-11: Test 4 cyclic flexure: 0.326 degrees rotation 
The displacement at the panel to panel joint was greater than the displacement at the panel to 
beam joints during the entirety of the cyclic flexure test.  This is because the JVI web 
connections at the panel to panel joint are half as stiff as the JVI web connections at the panel to 
beam joints.  This is shown in Figure 6-12. 
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Figure 6-12: Test 4 cyclic flexure: joint deflection history 
At a rotation of 0.435 degrees, bending of the faceplates and cracking around the web connectors 
at the panel to free beam and panel to fixed beam joints were observed.  Increased deformation 
was observed at the web connections at the panel to panel joint.  This is shown in Figure 6-13.   
  
Figure 6-13: Test 4 cyclic flexure: 0.435 degrees rotation 
Cracking around the web connections and deformation of the web connectors increased as the 
rotation level increased.  At a rotation of 0.869 degrees the web connections at joint 1A and 3A 
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failed.  The web connection at joint 2A was at the verge of failure due to weld failure.  The 
remaining web connectors were experiencing leg pullout.  Pictures of the damage at this level of 
rotation are shown in Figure 6-14. 
  
 
  
Figure 6-14: Test 4 cyclic flexure: 0.869 degrees rotation 
The cyclic flexure phase was terminated partway through level 11 just prior to failure of the 
system to protect the load cells from damage that may have occurred during failure of the post-
tensioned strands.  At the end of the test, 7.5 in. of sag was observed in the post-tensioned 
strands due to inelastic elongation.  This is shown in Figure 6-15. 
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Figure 6-15: Test 4: test assembly at conclusion of cyclic flexure phase 
The performance of the system during each level is shown in Figure 6-15 - Figure 6-26.  The 
system had a high level of stiffness prior to decompression.  After decompression, the flexibility 
of the system increased allowing the joints to open more significantly.  The rotation shown is the 
overall system rotation as recorded by LVDT’s C2 and C5 (see Figure 2-4).  The strands 
remained in the elastic range until level 9.   
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Figure 6-16:  Test 4 cyclic flexure 
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Figure 6-17: Test 4 cyclic flexure: level 1 
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Figure 6-18: Test 4 cyclic flexure: level 2 
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Figure 6-19: Test 4 cyclic flexure: level 3 
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Figure 6-20: Test 4 cyclic flexure: level 4 
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Figure 6-21: Test 4 cyclic flexure: level 5 
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Figure 6-22: Test 4 cyclic flexure: level 6 
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Figure 6-23: Test 4 cyclic flexure: level 7 
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Figure 6-24: Test 4 cyclic flexure: level 8 
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Figure 6-25: Test 4 cyclic flexure: level 9 
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During rotation level 9, the strands yielded during cycle 1.  Due to inelastic deformation of the 
strands, the precompression force was lost during cycles 2 and 3.  Inelastic deformation of the 
strand during the positive rotation cycle manifested itself as permanent inelastic deformation 
upon unloading.  Slack in the strands caused the system to have no strength against moment for 
rotations less than 0.4 degrees.  The diaphragm should be designed so stress in the steel strands 
remains below yield stress of the strands.   Exceeding this limit will result in large deformations.  
Large deformations of the diaphragm may result in localized failures of the gravity load-resisting 
system.  This may cause collapse of the structure or damage that may render the structure 
unusable after the seismic event. 
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Figure 6-26: Test 4 cyclic flexure: level 10 
The backbone curve of the system is shown in Figure 6-27.  The first cycle of each level is 
shown in Figure 6-28. 
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Figure 6-27: Test 4 cyclic flexure backbone curve 
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Figure 6-28: Test 4 cyclic flexure backbone curve: first cycle of each level 
The maximum and minimum responses for each deformation level of the cyclic flexure phase of 
test 4 are presented in Table 6-1.  The joint rotation of the overall system, the moment resistance 
of the overall system, and the total tensile axial load at the level of max moment are provided. 
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Table 6-1: Test 4 cyclic flexure: moment and axial load  
Level Maximum 
Rotation 
[degrees] 
Minimum 
Rotation 
[degrees] 
Maximum 
Moment 
[kip-in] 
Minimum 
Moment 
[kip-in] 
Maximum 
Applied Axial 
Load 
[kip] 
1 0.0356 -0.0486 476.6 -1280.3 24.3 
2 0.0622 -0.0768 879.6 -1681.0 31.9 
3 0.0894 -0.1020 1293.6 -2012.2 38.5 
4 0.1175 -0.1591 1740.8 -2702.3 50.4 
5 0.1727 -0.2153 2417.7 -3457.2 58.2 
6 0.2271 -0.3043 3116.4 -4445.0 78.6 
7 0.3542 -0.3899 4692.6 -5477.8 94.5 
8 0.4764 -0.4790 6029.0 -5867.5 102.1 
9 0.5912 -0.5802 6750.3 -6143.9 107.1 
10 0.6803 -1.0549 7424.4 -8052.8 111.2 
11 0.6817 N/A 7049.9 N/A 86.8 
The moment and applied axial force histories are shown together in Figure 6-29.  The applied 
axial load indicates the results of the cyclic flexure phase of test 4 are conservative, since a large 
axial tension force may not be present in an actual diaphragm. 
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Figure 6-29: Test 4 cyclic flexure: moment and applied axial force histories 
124 
7.  Discussion of Experimental Results 
This section presents a comparison of the predicted results of each test to the actual results.  A 
comparison of the tension behavior and flexure behavior of each of the tests is also discussed.  
Applications to design are discussed. 
7.1. Comparative Tension Behavior 
7.1.1 Pretopped Chord Connector 
The response of test 2 with the pretopped chord connection under cyclic tension loading is 
shown in Figure 7-1.  .  Two assumptions were made.  First only the unbonded length of the 
rebar was used to determine the stiffness of the chord connection.  This is shown as “Predicted 
Response 2” in Figure 4-10.  Then the entire length of the rebar was used to determine the 
stiffness of the chord connection.  This is shown as “Predicted Response 1” in Figure 4-10.  
Using the entire length of the rebar to determine the stiffness of the chord connection was a 
better predictor of the behavior of the system.   
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Figure 7-1: Test 2 cyclic tension: predicted response vs actual response 
7.1.2 Unbonded Strand Assembly 
The actual and predicted response of the tests with unbonded post-tensioned strand under cyclic 
tension loading is shown in Figure 7-2 - Figure 7-4. 
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Figure 7-2: Test 1 cyclic tension: predicted response vs actual response 
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Figure 7-3: Test 3 cyclic tension: predicted response vs actual response 
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Figure 7-4: Test 4 cyclic tension: predicted response vs actual response 
All three of the unbonded systems had a high level of stiffness below the decompression 
moment.  After the decompression moment, the response can be idealized as a tri-linear response 
based on the change in stiffness of the web connections.  The tri-linear model is a good predictor 
of the response of the systems.   
As shown in Figure 7-2 and Figure 7-3, the two tests that used an initial tension level of 50% 
ultimate (test 1 and test 3) had very similar responses.  Test 4 had a lower level of stiffness after 
decompression than tests 1 and 3.  At a displacement of 0.325 in., the test assembly during test 4 
exhibited a tensile resistance of 60 kip.  By comparison, tests 1 and 3 resisted 60 kip at a 
displacement of less than 0.01 in.  During a seismic event, the reduced displacement under 
equivalent load will result in less damage to the structure. 
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7.2. Comparative Flexure Behavior 
The comparative flexure behavior of the four tests is presented in this section.  The pretopped 
chord system and unbonded strand systems are discussed individually in Section 7.2.1 and 
Section 7.2.2.  A discussion on the behavior of the two types of systems is presented in Section 
7.2.3. 
7.2.1 Pretopped Chord Connector 
The actual and predicted response of test 2 under cyclic flexure loading is shown in Figure 7-5.  
A nonlinear stress-strain analysis was used to predict the response of the system.  Two 
assumptions were made.  First only the unbonded length of the rebar was used to determine the 
stiffness of the chord connection.  This is shown in Figure 7-5 as “Predicted Response 2”.  Then 
the entire length of the rebar was used to determine the stiffness of the chord connection.  This is 
shown in Figure 7-5 as “Predicted Response 1”.  Using the entire length of the rebar to determine 
the stiffness of the chord connection was a better predictor of the behavior of the system.  The 
predicted response provides a conservative approximation of the ultimate capacity of the 
pretopped chord connection.   
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Figure 7-5: Test 2 cyclic flexure backbone curve 
The predicted ultimate flexural capacity of the test assembly with the pretopped chord 
connection can be determined using (Eq. 20).   
un TLM 1=  
=1L distance from center of test assembly to pretopped chord connection 
=uT ultimate tensile capacity of chord connection 
(Eq. 20) 
The ultimate tensile capacity of the chord connection is computed in Section 8.1.  Using (Eq. 
20), the predicted ultimate flexural capacity of the test assembly of the pretopped chord 
connection is 5707 kip-in.  This is very conservative compared to the actual ultimate moment 
capacity of the system shown in Table 7-2.  The failure method for this system was tearing of the 
chord connection erection plate.  The predicted failure method for the system was failure of the 
anchorage bar to faceplate welds.  Considering the system exceeded the ultimate moment 
capacity assuming failure of the anchorage bar to faceplate welds, it is possible the connection 
hardware was fabricated with larger welds than are assumed.  If this is the case, then it is 
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conceivable that tearing of the erection plate would control.  The ultimate moment capacity 
assuming failure of the erection plate controls is 6829 kip-in.  This is still conservative to the 
actual ultimate flexural capacity of 8065 kip-in observed during testing. 
7.2.2 Unbonded Strand Assembly 
The actual and predicted responses of test 1, test 3, and test 4 under cyclic flexure are shown in 
Figure 7-6 - Figure 7-8.  The predicted responses of the three tests do not consider the effects of 
the variable axial load that was present in each of the tests as a result of the deformation 
protocol.  The predicted responses provide a conservative approximation of the decompression 
moment and the ultimate strength of the system.  A comparison of the actual test values and 
predicted results are shown in Table 7-1. 
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Figure 7-6: Test 1 cyclic flexure 
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Figure 7-7:  Test 3 moment rotation 
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Figure 7-8:  Test 4 cyclic flexure 
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Table 7-1: Unbonded strand assembly cyclic flexure results 
Test Actual 
Minimum 
Rotation 
[degrees] 
Actual 
Minimum 
Moment 
[kip-in] 
Predicted 
Minimum 
Moment 
[kip-in] 
Actual 
Maximum 
Rotation 
[degrees] 
Actual 
Maximum 
Moment 
[kip-in] 
Predicted 
Maximum 
Moment 
[kip-in] 
1 -0.8705 -6544 -5832.0 N/A N/A N/A 
3 -1.0549 -5839.8 -5864.8 0.6040 7130.9 5831.5 
4 -0.8260 -8052.8 -5875.2 0.6817 7049.9 5815.4 
 
The cyclic flexure phases of test 1 and test 3 each contained a period of high stiffness below the 
decompression moment.  During tests 1 and 3, the post-tensioned strands were initially tensioned 
to 50% of their ultimate strength (0.50fpu.).  Below the decompression moment the compression 
force from the initial prestress force prevented the joints from opening more than 0.01 in.  The 
system remained elastic below the decompression moment.  Minimal damage was observed 
below the decompression moment.   
If a diaphragm system were designed with unbonded post-tensioned chord reinforcement and the 
seismic design forces were below the decompression moment of the diaphragm, the diaphragm 
would remain elastic through the entirety of the seismic event.  The joints of the diaphragm 
would return to their original position at the conclusion of the seismic event.  There is 
considerable reserve capacity above the decompression moment for seismic events that exceed 
the design earthquake.  However, the full reserve capacity of the chord reinforcement may not be 
realized because large diaphragm deflections may cause local failure of the vertical load resisting 
system.   
The behavior of the cyclic flexure phase of test 4 was different from the behavior of tests 1 and 
3.  During test 4, the post-tensioned strands were initially tensioned to 10% of their ultimate 
strength (0.10fpu.).  Since the post-tensioned strands were initially tensioned to a much lower 
value in test 4 than tests 1 and 3, the decompression moment for test 4 was noticeably less than 
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the decompression moment for tests 1 and 3.  As shown in Figure 7-8, the decompression 
moment was not clearly observable during the cyclic flexure phase of test 4.  This is most likely 
attributed to a loss of decompression during the preceding tension cycles as shown in Figure 7-4. 
The test assembly for test 3 resisted 3122.4 kip-in at a rotation of 0.0281 degrees.  By 
comparison, the test assembly for test 4 resisted 3116.4 kip-in at a rotation of 0.2271 degrees.  
Under similar demands, the test assembly for test 4 experienced deflection of an order of 
magnitude greater than what was exhibited during test 3.  Under demands above the 
decompression moment for test 3, the behavior of test 3 and test 4 converged.  This is discussed 
in more detail in Section 7.2.3. 
The ultimate flexural capacity of the unbonded system can be predicted using (Eq. 21).  This 
equation does not take into consideration the strength of the web connections.  During the three 
tests with the unbonded strand assembly, the web connections either failed or were on the verge 
of failure at the ultimate moment, so their contribution to the ultimate flexural strength are 
insignificant.  Using (Eq. 21), the predicted ultimate flexural strength of the unbonded post-
tensioned system is 6195 kip-in.  This is conservative compared to the actual response, tabulated 
in Table 7-2.  The failure method for test 1 was failure of the post-tensioned strands.  Test 3 and 
test 4 were terminated just prior to failure of the post-tensioned strands. 
pspupsn AfnLM 1=  
=1L distance from center of test assembly to post-tensioned strands 
=psn number of post-tensioned strands on each side of test assembly 
=puf ultimate strength of post-tensioned strands 
=psA area of single post-tensioned strand 
(Eq. 21) 
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7.2.3 Discussion of Flexural Behavior 
A comparison of the backbone curves from the cyclic flexure phase of each test is shown in 
Figure 7-9 and Figure 7-10.   
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Figure 7-9: Moment rotation backbone curve comparison 
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Figure 7-10: Moment rotation backbone curve comparison 
The results of the cyclic flexure portions of each of the four tests are tabulated in Table 7-2.   
Table 7-2: Test 3 cyclic flexure: moment and axial load  
Test Maximum 
Rotation 
[degrees] 
Minimum 
Rotation 
[degrees] 
Maximum 
Moment 
[kip-in] 
Minimum 
Moment 
[kip-in] 
Applied Axial 
Load 
[kip] 
1 N/A -0.8705 N/A -6544 132.27 
2 0.1271 -0.1926 8064.6 -7228.2 115.72 
3 0.6040 -1.0549 7130.9 -5839.8 111.5 
4 0.6817 -0.8260 7049.9 -8052.8 111.2 
 
A diaphragm system with unbonded post-tensioned chord reinforcement could be designed to 
have equivalent ultimate flexural capacity as a system with pretopped chord reinforcement, but 
the deformations of the unbonded system will be much greater as loads approach the ultimate 
flexural strength of the system.  Consider a diaphragm with a maximum flexural demand from 
the design level earthquake of 6000 kip-in.  As shown in Figure 7-11, while the pretopped chord 
system and unbonded post-tensioned system both have the capacity to resist a design earthquake 
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of this magnitude, the unbonded post-tensioned system will undergo 0.46 degrees rotation 
compared to just 0.07 degrees rotation with the pretopped chord system.   
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Figure 7-11: Comparative flexural response: design example 
When the demand from the design level earthquake is below the decompression value for the 
unbonded post-tensioned system, the overall deflection will be less than that for a pretopped 
chord system.  Consider a diaphragm with a maximum flexural demand from the design level 
earthquake of 2500 kip-in.  As shown in Figure 7-12, while the pretopped chord system and 
unbonded post-tensioned system both have the capacity to resist a design earthquake of this 
magnitude, the unbonded post-tensioned system with 50% initial pretensioning will undergo 0.01 
degrees rotation.  The pretopped chord system will undergo 0.03 degrees rotation and the 
unbonded post-tensioned system with 10% initial pretensioning will undergo 0.18 degrees 
rotation.  In this scenario, the unbonded post-tensioned system with 50% initial pretensioning is 
the most effective system for limiting the amount of rotation under the design level earthquake.  
This example illustrates the benefit of choosing an initial pretensioning value and quantity of 
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post-tensioned strand such that the ultimate flexural demand from the design level earthquake is 
below the decompression moment of the system.   
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Figure 7-12: Comparative flexural response: design example 2 
It is clear from the previous two examples that the amount of deformation in the diaphragm 
under the design level earthquake is a function of the type of chord reinforcement selected and, 
when considering unbonded post-tensioned reinforcement, the level of pretensioning.  If 
unbonded post-tensioned chord reinforcement is selected and the ultimate demand from the 
design level earthquake is below the decompression moment, the diaphragm will undergo less 
deformation than the pretopped chord system.  The unbonded system will remain elastic and will 
return to its original undeformed position at the conclusion of the seismic event. 
If the ultimate moment from the design level earthquake approaches the ultimate capacity of the 
unbonded post-tensioned system, the amount of deformation will be greater than the deformation 
that would occur with a pretopped system.  Large deformations may cause inelastic deformations 
of the system or local failures of the vertical load-resisting system.  Consequently, it is 
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recommended that the decompression moment be chosen as the design criteria for the 
diaphragm.   
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8.  Finite Element Analysis and Classical Methods of Prediction 
This section presents the results of a finite element analysis of the system and classical methods 
of predicting the response of the different systems. 
8.1. Pretopped Chord Connector Capacity 
Design recommendations for pretopped chord connections were investigated by Naito and Cao in 
an experimental study completed in 2007.  The experimental study was then verified with a 
parametric finite element study.  The conclusions resulting from Naito and Cao’s research were 
used in the design of the pretopped chord connection used in this study.  See Section 1.2. for 
additional conclusions and recommendations from the experimental and analytical study.  The 
experimental study found the ductility of the connection is enhanced by debonding a portion of 
the anchorage bars.  The anchorage bars of the pretopped chord connection used in test 2 had 4 
in. of length debonded.   
 
Figure 8-1: Carbon Chord Connector 
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The capacity of the connection is governed by the limiting of four failure modes: failure of the 
anchorage bars, tearing of the weld between the erection plate and the faceplate, bending of the 
faceplate, or failure of the erection plate.  The predicted capacity of the connection under tension 
can be found by investigating each of the limiting failure modes. 
First, the plastic capacity of the anchorage bars is determined using (Eq. 22). 
ysn fA25.1T =  (Eq. 22) 
Next, the capacity of the field weld is determined using (Eq. 23). 
EXXewn F60.0tLV =  (Eq. 23) 
Then, bending of the faceplate is investigated using (Eq. 24). 
plateuwpn F60.0LtT −=  (Eq. 24) 
Finally, the capacity of the erection plate is determined using (Eq. 25). 
yPLsn fAT −=  (Eq. 25) 
Detailed calculations to determine the capacity of the connection are presented in Section 12.  A 
summary of the results is presented in Table 8-1. 
Table 8-1: Summary of Capacity of Components of Pretopped Chord 
Connector 
Failure Mode Capacity 
Anchorage Bar Rupture 76.5 kip 
Anchorage Bar to Faceplate Weld Failure 65.6 kip 
Faceplate to Erection plate Weld Failure 94.7 kip 
Erection plate Tearing 78.5 kip 
 
The failure method for this system was tearing of the chord connection erection plate.  The 
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predicted failure method for the system was failure of the anchorage bar to faceplate welds.  
Considering the system exceeded the ultimate moment capacity assuming failure of the 
anchorage bar to faceplate welds, it is possible the connection hardware was fabricated with 
larger welds than are assumed.  If this is the case, then it is conceivable that tearing of the 
erection plate would control.  The ultimate moment capacity assuming failure of the erection 
plate controls is 6829 kip-in.  This is still conservative to the actual ultimate flexural capacity of 
8065 kip-in observed during testing. 
In design, it is recommended that the pretopped chord connection is detailed such anchorage bar 
rupture controls.  This will ensure a ductile failure mechanism.  To ensure anchorage bar rupture 
controls, the capacity of the other three failure modes should be some factor above the capacity 
of anchorage bar rupture. 
8.2. Classical Method of Analysis 
The behavior of the experimental diaphragm system with unbonded post-tensioned chord 
reinforcement can be predicted using a nonlinear analysis considering the stress-strain properties 
of each of the discrete components of the system.  A schematic representation of the structural 
model used in this approach is shown in Figure 8-2.  The discrete components labeled “1” and 
“2” represent JVI Vector Connector™ connections.  The springs labeled “3” represent the 
unbonded post tensioned strand.  The JVI Vector Connector™ connections in the middle joint 
(Vector Connector™ welded to erection plate welded to Vector Connector™) have ½ the 
stiffness of the JVI Vector Conector™ connections in the concrete panel to steel beam joints 
(Vector Connector™ welded to erection plate welded to steel beam).  The concrete panels and 
test fixture steel beams are very rigid compared to the unbonded post tensioned reinforcement 
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and the Vector Connectors™.  In this analysis the concrete panels and the test fixture steel beams 
were modeled as rigid members. 
 
Figure 8-2: Unbonded post-tensioned system: model for nonlinear analysis 
The behavior of the diaphragm system with the dry chord connector can be predicted using a 
similar nonlinear analysis. A schematic representation of the structural model used in this 
approach is shown in Figure 8-3.  The springs labeled “1” and “2” represent JVI Vector 
Connector™ connections.  The spring labeled “4” represents the dry chord connector. 
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Figure 8-3: Pretopped chord system: model for nonlinear analysis 
A displacement based approach can be used to model the response of the system.  A 
displacement is applied to one of the rigid beams and the resulting force in each of the nonlinear 
components is determined.  For a given displacement, the force in each component at a specified 
displacement is determined based on the stress-strain properties of the component.  By selecting 
different system displacements, a force-displacement curve can be constructed for the system. 
A nonlinear stress-strain curve of the post tensioned strand was created by fitting a piecewise 
function to points extracted from the mill certification of the material provided by the material 
manufacturer as shown in Figure 8-4.  An idealized nonlinear stress-strain curve of the JVI 
Vector Connector™ was determined from experimental testing (see Section 2.3.1) as shown in 
Figure 8-5.   
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Figure 8-4: Strand Stress vs Strain Curve 
0 0.5 1 1.5 2 2.5
0
2
4
6
8
10
Displacement [in.]
Fo
rc
e 
[ki
p]
JVI Force vs Displacement
 
Figure 8-5: Idealized Force vs Displacement for JVI Vector Connector™ at Middle Joint 
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Figure 8-6: Idealized Force vs Displacement for JVI Vector Connector™ at End Joint 
The individual components of the system will resist applied load based on the geometry of the 
system and the proportional stiffness of the individual components.  For a set of structural 
components in series, the force in each member is the same.  The JVI Vector Connectors™ in the 
experimental diaphragm system can be analyzed as three sets of components in series with each 
set of components comprised of three connectors as shown in Figure 8-7.   
  
Figure 8-7: JVI Vector Connectors™ in Series 
Set of components in 
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Using this relationship, the resistance of an individual JVI Vector Connector™ given a system 
displacement can be determined by (Eq. 26). 
)d(F)d2(F)d(F 3JVI2JVI1JVI =−∆=  
where: FJVI(x) = Force in JVI Vector Connector™ at displacement ‘x’ 
            d = Local joint displacement 
            ∆ = Overall system displacement 
(Eq. 26) 
The force-displacement response of the overall system can be determined from (Eq. 27). 
)d(F3)(F6)(F JVIPSSystem +∆=∆  
where:  FSystem(∆) = Resistance of entire system at displacement ∆ 
            FPS(∆) = Force in a single prestressed strand at displacement ∆ 
            FJVI(d) = Force in a single JVI Vector Connector™ at displacement d 
            d = Displacement at joint between Vector Connector™ and steel beam  
            at overall displacement ∆ 
(Eq. 27) 
  
8.3. Finite Element Model 
A finite element analysis was performed for verification on the nonlinear models used to model 
the behavior of the systems and to determine the stress distribution of the system under applied 
load.  The finite element program Diana was used.  Diana was selected because it has the ability 
to easily model reinforcement and embedded prestressed reinforcement.   
The panels were modeled as elastic plane-stress elements.  The CQ16M element was used.  The 
CQ16M element is an 8 node quadrilateral isoperimetric plane stress element.  This element 
performs well when bending is important.  Additionally, this element does not display parasitic 
shear.  A schematic of the element is shown in Figure 8-8. 
147 
 
Figure 8-8: CQ16M element 
The stress distribution from a model of test 3 under monotonic tension is shown in Figure 8-9.  
Stress distributions are localized around the connections.  This is consistent with deformation 
observed during the experimental testing. 
 
Figure 8-9: Test 3 finite element model stress distribution under applied tensile force 
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9.  Unbonded Post Tensioned Diaphragm Design Procedure 
This section presents a proposed post tensioned diaphragm design procedure.  The proposed post 
tensioned diaphragm design procedure is illustrated in further detail with a design example. 
9.1. Proposed Design Procedure 
Design of an unbonded post tensioned diaphragm is based on the deep horizontal beam analogy 
discussed in Section 1.1.  The diaphragm is considered to be a beam with the shearwalls acting 
as supports as shown in Figure 9-1.   
 
Figure 9-1: PCI HB 6th Edition: analogous beam design of a diaphragm 
Inherent in the lateral force resistant design for structures per ASCE 7-05 is the assumption that 
“energy dissipation and post-yield deformation will be controlled by the characteristics of the 
vertical system” (PCI MNL 120-04 p4-60).  Designing the diaphragm to remain elastic 
throughout the design event will ensure the primary inelastic mechanism will be developed in the 
vertical system.  If yielding were to occur in the elements of the diaphragm, a failure mechanism 
might develop prior to developing the design strength and ductility of the vertical elements of the 
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lateral force resisting system (PCI MNL 120-04 p4-61).  Inelastic deformations that occur during 
a seismic event may also result in permanent deformations that could cause a building to be 
yellow tagged or red tagged by government building officials.  Despite this, ASCE 7-05 does not 
explicitly require all elements of the diaphragm to remain elastic throughout the design event.  
Special load combinations are required to be used in the design of collector elements to ensure 
they remain elastic, but these load combinations are not required for the chord elements or the 
shear resisting elements. 
ASCE 7-05 requires diaphragm design forces to be calculated independently of the design forces 
used in the design of the vertical elements of the lateral force resistant system.  Per ASCE 7-05 
Section 12.10, the diaphragm seismic design forces must be computed per (Eq. 28) within the 
limits of (Eq. 29). 
pxn
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where:  Fpx = Diaphragm design force at level x 
             Fi = Portion of seismic base shear V induced at level i 
             wi = Weight tributary to level i 
             wpx = Weight tributary to the diaphragm at level x 
(Eq. 28) 
pxDSpxpxDS IwS4.0FIwS2.0 ≤≤  (Eq. 29) 
After the diaphragm design forces are computed for each level of the structure, the internal shear 
and moment of the diaphragm is computed assuming the diaphragm is rigid.  The required chord 
force is determined per Figure 9-1.  The internal moment arm, b, is the distance between the 
centroids of the post tensioned strands.   
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For the system discussed the shear design procedure shall follow traditional approaches 
recommended by PCI.  The use of an unbonded chord system will not alter the shear design 
approach.  The in plane shear contribution of the chord however should not be considered to 
contribute.   
The proposed approach determines the amount of chord reinforcement and initial prestress 
needed to ensure that the diaphragm remains in compression under the design moment.  To 
achieve this the decompression moment is equated to the demand moment.  The decompression 
moment is the moment when the joints in the diaphragm begin to open in tension.  Before the 
seismic event, the entire diaphragm is in compression due to the force exerted from the post 
tensioned strands.  Lateral load introduces a flexural force into the diaphragm, as illustrated in 
Figure 9-1.  The decompression moment is reached when the stress in the extreme fiber of the 
diaphragm is equal to zero.  If the diaphragm is designed to remain below the decompression 
moment during the entire seismic event, the joints of the diaphragm will always remain in 
compression and all elements of the diaphragm will remain elastic.  The diaphragm will undergo 
minimal damage during the seismic event.  A diaphragm subjected to a lateral force that causes a 
maximum moment equal to the decompression moment of the diaphragm is shown in Figure 9-2. 
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Figure 9-2: Diaphragm subjected to lateral force equal to decompression force 
The following iterative design procedure is proposed to determine the required area of chord 
reinforcement and initial prestress level required for the diaphragm to remain below the 
decompression moment during the design earthquake: 
1. Determine the maximum moment demand on the diaphragm, Mu. 
2. Estimate the internal lever arm, b. 
3. Determine the minimum effective prestress level at each end of the diaphragm after 
accounting for all losses, Pe,min per (Eq. 30). 
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b
M
P umin,e =  (Eq. 30) 
4. Determine the minimum amount of required chord steel per (Eq. 31). 
y
min,e
min,ps f
P
A
φ
=  (Eq. 31) 
5. Select trial Aps.  For first iteration, try Aps = Aps,min.  
6. Select initial prestress level, Pi. 
7. Calculate long-term losses. 
8. Check min,ee PP ≥ .  If min,ee PP ≤  go to step 5.  If min,ee PP ≥ go to step 9.   
9. Check actual internal lever arm, bactual.  If bbactual < , go to step 2. 
10. Check ΦMn > Mu and Mdecompression > Mu per (Eq. 32) and (Eq. 33). 
bfAM ypsn φ=φ  (Eq. 32) 
bPM eiondecompress =  (Eq. 33) 
 
The flange to flange connectors will contribute to the flexural stiffness of the diaphragm, but for 
simplicity and conservatism the tension contribution of the flange to flange connectors were not 
considered in the above design procedure. 
A tensile strength reduction factor equal to 0.9 is proposed for unbonded post-tensioned chord 
reinforcement.  This is consistent with the recommendations for continuous bars of Section 
4.2.6.1 of the 7th edition of the PCI Design Handbook.  This value is proposed since the failure 
mode for unbonded post-tensioned reinforcement is a ductile failure of the strands.  For the 
pretopped chord connection, the 7th edition of the PCI Design Handbook recommends a tensile 
strength reduction factor equal to 0.7.  This is based on the non-ductile failure mode exhibited 
during testing of the connection. 
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The 7th edition of the PCI Design Handbook proposes the use of a diaphragm overstrength factor, 
ψ = 2.0, for seismic design categories D, E, and F.  The diaphragm overstrength factor is 
intended to be applied to the diaphragm connection design forces to ensure all components of the 
diaphragm remain elastic under the design earthquake.  This is similar to the system overstrength 
factor, Ωo, prescribed by ASCE 7-05 for use in determining the demand on collector elements 
from the design earthquake.  The system overstrength factor is required for seismic design 
categories C, D, E, and F.  When unbonded post-tensioned chord reinforcement is provided and 
the moment demand is below the decompression moment of the diaphragm, elastic performance 
of the diaphragm is ensured without the use of an overstrength factor. If the diaphragm is 
designed to remain below the decompression moment during the entire seismic event, the joints 
of the diaphragm will always remain in compression and all elements of the diaphragm will 
remain elastic.    The diaphragm overstrength factor should not be applied to the design of 
unbonded post-tensioned diaphragm systems because the design of this system ensures all 
components of the diaphragm will remain elastic by designing below the decompression moment 
of the diaphragm. 
In certain cases it may be impractical to provide enough chord reinforcement for the diaphragm 
to remain below the decompression moment under the design earthquake.  If design forces are 
allowed to exceed the decompression moment of the diaphragm, the designer should ensure the 
strain in the diaphragm is not large enough to cause inelastic deformation of the web connections 
or the chord reinforcement, or compromise the integrity of the vertical load resisting system.  
ASCE 7-05 Section 12.12.2 states, “The deflection in the plane of the diaphragm, as determined 
by engineering analysis, shall not exceed the permissible deflection of the attached elements. 
154 
Permissible deflection shall be that deflection that will permit the attached element to maintain 
its structural integrity under the individual loading and continue to support the prescribed loads.” 
Additionally, any drift in the plane of the diaphragm must be added to the average drift of the 
vertical elements to determine the total story drift as shown in Figure 9-3.  Allowable story drift 
limits are given in ASCE 7-05 Section 12.12.1.    
 
Figure 9-3: ASCE 7-05 flexible diaphragm 
 
Figure 9-4: ASCE 7-05 allowable story drift limits 
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9.2. Post Tensioned Diaphragm Design Example 
Below is a design example to further illustrate the post tensioned diaphragm design procedure.  
The structure is a one-story precast concrete parking garage located in a low-seismic region.  The 
gravity load resisting system consists of 15 ft wide double tees bearing on precast concrete 
columns, girders, and spandrels.    The lateral load resisting system consists of precast concrete 
shear walls.  The diaphragm is regular without any ramps, openings, or other discontinuities.  A 
plan view of the lateral load resisting system of the structure is shown in Figure 9-5.  The double 
tees span in the direction of the numerical gridlines. 
 
Figure 9-5: Example parking garage: lateral load resisting system 
156 
 
First, the seismic demands on the structure are determined using the equivalent lateral force 
procedure of ASCE 7-05 Section 12.8: 
IBC2006
Length X 363.83 ft
Length Y 246.96 ft
Wt (tot structure wt kip) 11680.72 kips Note: WT weight is DL
Soil Site Class D Table 1615.1.1 ( Default=D)
Response Spectral Acc. (0.2 sec) Ss = 26 =0.26g Figure 22-1(ASCE)
Response Spectral Acc.( 1.0 sec) S1 = 5.8 =0.058g Figure 22-2(ASCE)
Site Coefficient Fa= 1.59 Table 11.4-1 (ASCE)
Site Coefficient Fv= 2.40 Table 11.4-2 (ASCE)
Max Considered Earthquake Acc. SMS= Fa.Ss = 0.414 Eq. 11.4-1 (ASCE)
Max Considered Earthquake Acc. SM1= Fv.S1 = 0.139 Eq. 11.4-2 (ASCE)
@ 5% Damped Design S DS  = 2/3(SMS) = 0.276 Eq. 11.4-3 (ASCE)
S D1  = 2/3(SM1) = 0.093 Eq. 11.4-4 (ASCE)
Seismic use group I Table 11.1-5 (ASCE)
Ie= 1.00
Design Category Consideration:
Seismic Design Category for 0.1sec B Table 11.6-1 (ASCE)
Seismic Design Category for 1.0sec B Table 11.6-2 (ASCE)
S1 < .75g N/A
Therefore, Seismic Design Category B Control
Building Frame Systems
Ordinary precast shear walls
R 4.00 Table 12.2-1(ASCE)
Equivalent lateral force procedure
Basic Seismic Force Systems T-1617.6
Lateral Force Resisting System
CT = 0.02 Table 12.8-2(ASCE)
Building ht. Hn= 10.50 ft
Approx Fundamental period, Ta = CT(hn)3/4 0.1167 sec.
Cs= Sds/(R/Ie) 0.0690 Eq 16-35 Calculated value
Sd1/((R/Ie)T) 0.1989 Eq 16.36 Maximum value
0.044(Sds)(Ie) 0.0121 Eq 16.37 Minimum value
0.0690 Control
V= Cs*W 805.814 kips
k 1.000
Number of Floors 1.00
FLOOR HT (ft) HT (ft) WT (kips) wi*hi^k Cvx
Lateral 
Force Fx 
kips
Story 
Shear Vx 
kips
Moment per 
level ft-kip
2nd 10.50 10.50 11680.72 122647.53 1.00 805.81 0.00 0
1st 0.00 0.00 0.00 0.00 0.00 0.00 805.81 8,461
∑wi hi^k 122647.53
Shear Wall System
Next the diaphragm design force is determined per (Eq. 28) and (Eq. 29).   
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The total uniform load acting on the diaphragm is klf22.2
ft33.363
k806
= . 
Chord reinforcement in the east-west direction will be provided at 4 locations: south of gridline 
A, north of gridline C, south of gridline C, and north of gridline E.  It is assumed the floor layout 
will act as two sub-diaphragms.  Each sub-diaphragm will resist one-half of the total uniform 
load, klf11.1)klf22.2(
2
1
= . 
The moment and shear demands on the sub-diaphragms are determined by analyzing the sub-
diaphragm as a deep beam with the supports at the shear wall locations.   
 
Figure 9-6: Computation of diaphragm maximum flexural demand 
Next, the internal lever arm is estimated based on the geometry of the structure and the estimated 
number of post tensioned tendons required for chord reinforcement.  To avoid interference with 
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the bearing reinforcement for the double tees, the post tensioned strands should be positioned at 
least 3ft from each end of the member.  Assume the internal lever arm is 95ft. 
Next, the minimum effective prestress level at each end of each sub-diaphragm is determined per 
(Eq. 30): k49
ft95
Fk4664
b
M
P umin,e ===  
Then, the minimum required amount of chord reinforcement is determined for each end of each 
sub-diaphragm per (Eq. 31): 
2
y
min,e
min,ps in202.0)ksi270)(9.0(
k49
f
P
A ==
φ
=  
Then, a trial area of post tensioned reinforcement is selected for each end of each sub-diaphragm.  
The trial area of reinforcement should be greater than or equal to the minimum area required as 
determined in the previous step.  For the first iteration, (2) ½” diameter low-relaxation tendons 
with a yield strength of 270ksi will be used as shown in Figure 9-7.  22ps in306.0)in153.0(2A == . 
 
Figure 9-7: Post-Tensioned Strand Locations 
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Next, the initial prestress level will be selected.  For the first iteration, assume each strand will be 
tensioned to 70% of its ultimate strength.  The next step will check if at this level of prestress, 
considering all prestress losses, the maximum flexural demand is below the decompression 
moment of the system. 
ksi189)ksi270(7.0f7.0f pupi ===  
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Then, the long-term losses in the strand are determined. 
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The effective post-tensioned force at each location of the chord reinforcement is:  
k49Pk8.49)k9.24(2P min,ee =>==  
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The effective prestress level after accounting for all long-term losses is greater than the minimum 
effective prestress level.  The ultimate flexural strength and decompression moment are 
calculated per (Eq. 32) and (Eq. 33) and checked against the moment demand. 
Fk4731)ft95)(k8.49(bPM eiondecompress ===  
Fk7064)ft95)(ksi270)(in306.0)(9.0(bfAM 2ypsn ==φ=φ  
Design checks are summarized in Table 9-1.  The design is acceptable. 
Table 9-1: Diaphragm Chord Steel Design Checks 
 Demand Capacity Result 
Ultimate strength Mu = 4664 Fk ΦMn = 7064 Fk 0.151.1
Fk4664
Fk7064
M
M
u
n >==
φ
, OK! 
Decompression 
Moment 
Mu = 4664 Fk Mdecompression = 
4731 Fk 
Mdecompression > Mu, OK! 
9.3. Proposed Unbonded Post Tensioned Diaphragm Details 
This section presents conceptual details for use in a post-tensioned precast concrete floor 
diaphragm system.  A possible system is shown in Figure 9-8.  In this system, a post-poured 
concrete end anchorage block is positioned at the double tee at the end of the diaphragm.  The 
post-poured end anchorage block could be cast in the precast production facility prior to 
shipment of the double tee.  The anchorage block may also be cast in-situ.  The end anchorage 
block distributes the force from tensioning the post-tensioned strands into the flange of the 
double tee.  This prevents damage to the stems of the double tee.  The stems do not have 
sufficient resistance against lateral-forces.  The end anchorage block also protects the stressing 
anchorage from corrosion and fire. 
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Figure 9-8: Conceptual post-tensioned diaphragm detail 
Grouted sections of the double tee flanges should be provided above the post-tensioned strands.  
The grouted sections will transmit the compression force from the post-tensioned system through 
the diaphragm.  The geometry of the grouted section must support the grout vertically.  A 
proposed grouted joint detail is shown in Figure 9-9.  
 
Figure 9-9: Conceptual grouted joint detail 
Blockouts are provided in the double tee stems for the post-tensioned strands to pass through.  It 
is advantageous to position the blockouts close to the end of the double tee to maximize the 
diaphragm internal lever arm (see Figure 9-1), but the blockouts must be positioned an adequate 
distance away from the end of the double tee so they do not interfere with the bearing 
reinforcement. 
A stressing anchorage is positioned inside the end anchorage block.  There are a number of 
mono-strand and multi-strand post-tensioned stressing anchorages commercially available.  The 
164 
system above shows a multi-strand stressing anchorage that mates with a corrugated sleeve.  To 
protect the stressing anchorage from corrosion, the corrugated sleeve should be fitted with a 
watertight cap or the sleeve and stressing anchorage should be filled with a corrosion resistant 
grease.  Alternatively, there are fully encapsulated post-tensioning systems commercially 
available.  The stressing anchorage and post-tensioned strands are fully encapsulated in a 
watertight coating.  This type of system will require the end anchorage blocks to be cast in-situ. 
A blockout is provided in the stem of the double tee at the end of the diaphragm to access the 
stressing anchorage.  The blockout should be positioned at a depth below the double tee flange 
that will allow sufficient space for the stressing jack under the double tee flange.  The blockout 
should be filled with a corrosion resistant grease or similar material to protect the stressing 
anchorage from corrosion.  The fill material that is selected should be removable in the future if 
access to the stressing anchorage is required to service the diaphragm system. 
The post-tensioned strands should have a suitable coating to protect the strands from corrosion, 
fire, and degradation from ultraviolet rays.  There are post-tensioned strands that are specifically 
designed for external post-tensioning that are commercially available.   
9.4. Recommended Practice for Diaphragm Construction 
The following erection sequence is proposed for the example structure discussed in Section 9.2. 
and shown in Figure 9-10. 
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Figure 9-10: Example parking garage 
 
1. Erect precast members and complete selected connections.  Erect temporary bracing if 
required. 
a. Complete spandrel to column bolted connections. 
b. Complete double tee web connections. 
c. Complete girder to column connections. 
d. Do not complete girder to double tee connections or spandrel to double tee 
connections. 
2. When all the precast members are in position, remove the welded girder to column 
connection on one side of each girder for the girders located between gridlines 1 and 3 
and gridlines 7 and 9.   
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3. Complete grouted double tee connections and allow grouted areas to cure to minimum 
design strength. 
4. Place strand reinforcement. 
5. Post-tension strand reinforcement. 
6. Complete remainder of connections. 
a. Complete remainder of girder to column connections. 
b. Complete double tee to girder connections. 
7. Remove temporary bracing if required. 
8. Fill strand anchorage hardware and corrugated sleeve with corrosion resistant grease. 
Elastic shortening from the post-tensioning will be greater at the exterior bays of the garage than 
the interior bays.  Removing the girder to column welded connection at one side of the girder for 
the girders located in the exterior bays provides flexibility and prevents a buildup of compression 
in the connections and flexural loads on the columns.  This connection provides torsional 
stability and cannot be removed until after double tees are set on both sides of the girder.  A 
typical girder to column welded connection for a single story precast parking garage is shown in 
Figure 9-11. 
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Figure 9-11: Typical girder to column welded connection 
Completing the double tee to girder and double tee to spandrel welded connections after the 
strand reinforcement is tensioned prevents a buildup of shear in the connections.  A typical 
double tee to girder connection is shown in Figure 9-12. 
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Figure 9-12: Typical double tee to girder welded connection 
Bolted connections typically used in precast concrete construction are a flexible connection that 
can be completed prior to tensioning the strand reinforcement without the buildup of forces that 
occurs in rigid welded connections.  A typical bolted spandrel to column connection is shown in 
Figure 9-13. 
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Figure 9-13: Typical bolted spandrel to column connection 
Temporary bracing is commonly used in precast concrete construction to provide erection 
stability prior to erecting lateral force resisting members and lateral connections.   
The use of a non-shrink, non-metallic grout with minimum compressive strength of 5000psi is 
proposed.  The strength of the grout can be tested following ASTM C109.   
When the grout has achieved its design strength, the strand reinforcement can be tensioned.  A 
safety perimeter should be established by the site foreman around the area of the construction 
site where the post-tensioning is conducted and only essential personnel should be allowed 
within the safety perimeter during the tensioning process.  During tensioning, the tension force 
can be measured by use of a load cell or measuring the elongation of the strand.   
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10.  Conclusions 
To enhance the economy and performance of traditional precast concrete diaphragms a new 
unbonded chord system is developed.  The system is examined through a series of large scale 
experimental tests of diaphragm joints subjected to in-plane tension/compression and flexure.  
Four tests are conducted on 16 ft long by 4 ft wide scaled precast floor panels.  Two tests are 
conducted with post-tensioning of 0.50fpu, one with 0.10fpu, the last test examines a traditional 
pre-topped chord.  The results are compared with each other and are used to validate a design 
approach for use of the unbonded system.  Details on practical connection assemblies, 
construction methods, and a sample design approach are provided.  Based on the research 
conducted the following conclusions can be made: 
• Unbonded post-tensioned strand reinforcement is an acceptable alternative to the pretopped 
welded diaphragm chord connection for precast concrete floor diaphragms.  A post-tensioned 
system can be designed to satisfy both the strength design and serviceability requirements of 
ASCE 7.  
• Nonlinear analytical models are used to predict the behavior experimental testing under 
cyclic tension and cyclic flexure loading.  The analytical models were found to provide a 
conservative prediction of the decompression due to tension opening for all levels of post-
tensioning.  For the 0.50fpu post-tensioning level the decompression moment and the 
ultimate moment of the unbonded post-tensioned system were conservatively predicted.  The 
decompression moment at the 0.10fpu post-tensioning level was not observed; however, this 
was attributed to loss of the decompression during the preceding cyclic tension demands. 
• The experimental testing showed the amount of deformation of a post-tensioned diaphragm is 
kept to a minimum when the demand moment is below the decompression moment of the 
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diaphragm.  The total joint opening was less than 0.014 in. for the 50% post-tensioned 
systems at the decompression level.  At this amount of opening the joint connections remain 
in the elastic range.  When the moment demand is below the decompression moment of the 
diaphragm, the post-tensioned system will undergo less deformation and damage than the 
pretopped welded diaphragm chord connection.   
• Based on the observed behavior of the subassemblies the recommendation is made to design 
the decompression moment to be less than the seismic flexural demand.  As a result of this 
approach, the system has considerable reserve capacity above the decompression moment.  
For overload conditions beyond the decompression moment deformations of the diaphragm 
become large as the ultimate capacity of the post-tensioned system is approached.  At these 
large levels of joint opening compatibility of the vertical load-resisting system should be 
checked to ensure that the full strength and deformation of the chord is realized.  
• A design procedure for an unbonded post-tensioned diaphragm system is provided.  The 
procedure requires the designer to select an appropriate quantity of post-tensioned 
reinforcement and appropriate initial pre-tensioning value so the ultimate moment demand 
from the design level earthquake is below the decompression moment of the diaphragm.  
When the design procedure is followed, the diaphragm will remain elastic and the diaphragm 
joints will remain in compression during the design level earthquake.  A design example is 
provided to assist with implementation of the concepts discussed. 
Construction details for the post-tensioned diaphragm system are proposed.  Recommended 
practices for diaphragm construction are also presented.  The construction details and 
recommended practices show the feasibility of constructing a post-tensioned diaphragm system 
for precast concrete floor diaphragms.  
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12.  Appendix 1: Pretopped Chord Connection Design 
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13.  Appendix 2: Material Mill Certifications 
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